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The central theme of this thesis moves around the technical overview regarding the two bottlenecks 
of dye-sensitized solar cells such as removal of costly TCO components by employing flexible 
stainless steel metal mesh to pave the way towards low-cost DSSCs. At the same time, utilization 
of cobalt complex based redox shuttle to incorporate merits like weak visible light absorption, less 
corrosive nature to the metallic grid and more positive redox potential to produce higher open-
circuit potential as compared to the most commonly employed iodine based electrolyte in TCO-
less back contact DSSCs. Attempts have been made to understand the limiting factors and to search 
for their amicable solutions towards enhancing the overall photoconversion efficiency in such 
TCO-less DSSCs utilizing cobalt electrolyte. 
 
TCO-less back contact dye-sensitized solar cells were conveniently fabricated using 
nanoporous TiO2 layer (particle size 15-20 nm) screen-printed onto the stainless steel metal mesh 
and adsorbed with D-205 dye used as flexible photoanode based on cobalt based redox shuttle. 
Surface protection of the metal mesh was found to be highly beneficial to suppress the back 
electron transfer from the bare metal mesh to the oxidized species of cobalt redox electrolyte. 
Protection of metal mesh by a thin layer of Ti metal (sputtered) acting as charge recombination 
blocking layer led to the enhancement in the photoconversion efficiency of TCO-less back contact 
DSSC from 0.66% to 3.33%, which was little a less than that of the conventional DSSC consisting 
of TCO glasses (4.02%). Co-sensitization of D-205 dye with D-131 dye provided even further 
increase in the photoconversion efficiency to 3.59% because of their complementary photon 
harvesting properties in the region from 400-500 nm. 
 
In order to enhance the photoconversion efficiency even further, TCO-less back contact 
DSSCs using nanoporous TiO2 layer having comparatively larger particle size of 30 nm expediting 
the mass transport of the [Co(bpy)3]2+/3+ species in combination with porphyrin sensitizer coded 
with YD2-o-C8 having magnificent photon harvesting over the whole visible region  was also 
investigated. In this case, protection of metal mesh by a thin layer of Ti (sputtered) led to 
enhancement in the photoconversion efficiency to 4.53% as compared to the unprotected one 
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(3.12%). Increasing the pore size of porous polymer PTFE film from 0.1 μm to 0.2 μm led to the 
further increase in the photoconversion efficiency to 4.89%. Moreover, Co-sensitization of YD2-
o-C8 dye with Y123 organic sensitizer led to the further enhancement in the photoconversion 
efficiency up to 5.25% along with the impressive open-circuit voltage of 0.88 V.  
 
Finally, to enhance the photoconversion efficiency even further by enhancing the diffusion 
of [Co(bpy)3]2+/3+ species, TCO-less back contact DSSCs have been fabricated using 
comparatively thinner nanoporous TiO2 layer (5.5 μm) employed as an electrolyte absorbing layer 
coated onto to the Pt counter electrode. This modification was implemented as a replacement for 
the thick porous polymer PTFE film (35 μm). Protection of bare TiO2 layer (5.5 μm) used as an 
electrolyte absorbing layer with YD2-o-C8 dye retards the electrostatic binding very effectively 
between the negatively charged TiO2 surface and the positively charged Co3+ species owing to 
their long alkyl chain and provides the facile diffusion of the Co3+ species through the nanoporous 
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Human life is driven by energy and fossil fuels such as oil, gas and coal are the world`s major 
source of energy. Fossil fuels are supposed to meet the 80 percent of the world energy demand by 
2040 [1]. However, continued uses of fossil fuels irreparably harm the environment by causing air 
pollution, oil spills, climate change, and acid rain etc. World Health Organization (WHO) has 
reported that about 160,000 people die each year due to the side-effects of climate change ranging 
from malaria to malnutrition because of floods, droughts and increased temperatures and this 
figure could almost double by 2020 [2]. As a result, we have to look for renewable and clean 
sources of energy which are abundant and environment friendly. Amongst the renewable energy 
sources, solar energy, geothermal energy, hydroelectric energy, biomass energy, wind energy, 
ocean energy etc. have been well documented. Amongst all these renewable resources, solar 
energy is highly promising because it is abundant, clean and safe energy source around the globe 
and also can be harnessed by exploiting photovoltaic (PV) technology. In 1839, Alexandre-
Edmond Becquerel, the French Physicist first observed the photovoltaic effect in an electrolyte 
solution [3]. In 1954, Daryl Chapin et al. at Bell Labs accidentally discovered that crystalline 
silicon was very sensitive to light when certain impurities (doping) are added and eventually led 
to the modern solar cell technology [4].  
 
It is estimated that global power demand will reach up to 30 TW by 2050 and the earth`s 
surface receives 89000 TW of sunlight from the Sun [5]. Photovoltaic is a method which converts 
solar energy into electricity directly using semiconducting materials. Over the last decade, the PV 
market has realized unprecedented growth. In 2009, more than 23 GW of PV installations were 
taken place worldwide. In 2010, it was 40.3 GW and after one year it reached to 70.5 GW. In 2012, 
the PV installation reached to the landmark of 100 GW. At the end of 2013, about 138.9 GW of 
PV was introduced globally, which was equivalent to 160 terawatt hours (TWh) of electricity per 
year. This energy volume is identical to the electricity generated by 32 large coal power plants. 
Estimation shows that the world could continue to 430.3 GW of PV installation systems by next 
five years as compared to 138.9 GW in 2013 [6]. Over the last years, the cost of PV module has 
been rapidly reduced and the projected prices are supposed to decline further [7]. Assuring the 
curtailment of the PV prices may hasten the development of cost effective materials and 
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technology in upcoming years. The Silicon (Si)-wafer based PV technology has a market share of 
almost 90 % of the total PV production in 2013. Amongst the thin film technologies, CdTe pioneers 
with an annual production of almost 2 GWp in 2013. In 2013, the market share of all thin film 
technologies accounts for the 10 % of the total annual production [8]. Photovoltaic technology can 
be classified into three generations. Different kind of photovoltaic cells and submodules that 
belong to these three generations category are given in the Table 1 along with their best 
performances [9].  
 










I. First generation solar cells  
The most commonly used solar cells are the first generation solar cells. They are based on silicon 
wafers. The absorption spectrum of silicon based on single material matches well with the solar 
spectrum [10] which enables them to harvest enough photon to generate electricity. In silicon based 
solar cells, absorption of photon generates electron-hole pair that are separated and collected to  
 
 
First Generation Solar Cells 
Monocrystalline (sc-Si) 
Multicrystalline (mc-Si) 
Second Generation Solar Cells 
Multi-junction thin-film 
Silicon  
Amorphous Silicon (a-Si) 
thin-film 
Cadmium telluride (CdTe) 
Copper-Indium-Diselenide 
(CIS) and Copper-Indium-
Gallium Diselenide (CIGS) 
Third Generation Solar Cells 






Table 1 Photovoltaic cells and submodules with their best performances [9] 
Classification Efficiency (%) Area (cm2) Test Centre Description 
Monocrystalline Si 25.6±0.5 143.7 AIST (2/14) Panasonic, rear 
junction 
Multicrystalline Si 20.8±0.6 243.9 FhG-ISE 
(11/14) 
Trina Solar 
Amorphous Si 10.2±0.3 1.001 AIST (7/14) AIST 
Multijunction thin-
film Si 
13.4±0.4 1.006 NREL (7/12) LG Electronics 
CdTe 21.0±0.4 1.0623 Newport (8/14) First Solar 
CIGS (cell) 20.5±0.6 0.9882 NREL (3/14) Solibro 
CIGS (minimodule) 18.7±0.6 15.892 FhG-ISE 
(9/13) 
Solibro 
Organic thin-film 11.0±0.3 0.993 AIST (9/14) Toshiba 
Organic 
(minimodule) 
9.5±0.3 25.05 AIST (8/14) Toshiba 
Dye 11.9±0.4 1.005 AIST (9/12) Sharp 















40.4±2.8 287 NREL (11/14) UNSW split 
spectrum 
 
produce current. The recombination of electron-hole pair causes serious loss in output current. 
However, the loss by career recombination can be minimized by utilizing high purity silicon and 




In order to increase the power, solar modules comprising of many cells are utilized and can 
be seen on the rooftops. As seen in the classification chart of photovoltaic solar cells, there are two 
sorts of first generation solar cells. One is classified as a single crystal solar cell when the whole 
wafer contains one crystal. Another is classified as a multicrystal solar cells when the wafer 
comprises crystal grains. The efficiency of first generation solar cells varies from 20-25%. To date, 
the maximum photoconversion efficiency, which defines the percentage of input power converted 
into electrical power of 25.6% and 20.8% were obtained using monocrystalline silicon (Si) and 
multicrystalline Si based solar cells, respectively [9]. Although efficiency of multicrystal solar 
cells is lower than mono crystal solar cells, the production of multicrystal solar cells is 
comparatively cheaper and simpler. However, the silicon solar cell has some limitations, like it 
requires high purity silicon which is very expensive and slow process to grow. It also requires 
thicker layer of silicon as compared to other materials [10]. It has been reported that silicon itself 
offers cost burden of 50% of the total cost of solar module [11]. In order to avoid these limitations 
and obtain cheaper cost per produced power, new technologies and ideas are being generated that 
can employ less materials such as thin films solar cells based on thinner active layer and 
concentrator solar cells based on smaller active area upon which light from a larger area is 
concentrated. 
 
II. Second generation solar cells  
The second generation solar cells are basically thin film solar cells. They are based on amorphous 
silicon, multi-junction thin film silicon, Cadmium Telluride/Cadmium Sulfide (CdTe/CdS), 
Copper-Indium-Diselenide/Copper-Indium-Gallium-Diselenide (CIS, CIGS) solar cells. Thin film 
solar cells based on the thinner active layers having thickness of a few microns can still harvest 
significant amounts of photon because of their strong optical absorption.  Semiconductors having 
impurities can be endured in thin film solar cells because the careers have a smaller distance to 
travel through the film [10]. Because of lower active material volume, lower temperatures 
deposition and processing, the thin film based solar cells or second generation solar cells provide 
relatively cheaper technology as compared to the first generation solar cells. The thin film solar 
cells can be formed on flexible substrates. They can be applied on bendable devices and also on 
textile clothes. Because of the beneficial effect of thin film solar cells, they can also be produced 
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on larger areas as compared to the wafer-based solar cells. The maximum photoconversion 
efficiency of 21%, 20.5%, 18.7%, 13.4%, and 10.2% were obtained by CdTe, CIGS (cell), CIGS 
(minimodule), multijunction thin film silicon, and amorphous silicon based cells, respectively [9]. 
However, the toxicity of cadmium is a major issue for CdTe solar cells and the limited supply of 
Indium offers a long-term concern for CIGS, which are the limiting factors of the second 
generation solar cell technology.   
 
III. Third generation solar cells  
Third generation solar cells are mainly based on processable organic materials, although promising 
but needs to solve the issues like efficiency enhancement, cost and stability before entering in to 
the commercialization.  Most advanced third generation solar cells are dye-sensitized, organic and 
organic-inorganic hybrid solar cells. Dye-sensitized solar cells employ organic dye coated porous 
semiconducting electrode with very high surface area to absorb solar light. The maximum 
photoconversion efficiency of 11.9% was obtained by organic dye-sensitized solar cell with area 
of 1.005 cm2 [9]. Although the efficiency of dye-sensitized solar cells is still low, they are much 
cheaper and easy to fabricate as compared to the first and second generation solar cells. Due to the 
color of the dye, dye-sensitized solar cells can be found in different colors. Another organic solar 
cell technology is based on solid-state organic semiconductors. The chemical and electrical 
properties of organic solar cells can be controlled by modifying the chemical structures. The 
organic solar cells offer light weight, color tunability and flexibility with the utilization of 
relatively low coast materials. The maximum photoconversion efficiency obtained for organic thin 
film solar cells is 11%. [9]. Recently, organic-inorganic metal halide perovskite solar cells offer 
promising low-cost, simple fabrication process with higher photoconversion efficiency. In 2014, 
perovskite based thin film solar cell obtained the record photoconversion efficiency of 20.1% [9] 
within very short time. Concentrator photovoltaic solar cells are another emerging technology.  
 
  Though price of silicon based solar cells has been reduced during the last years [7] to make 
it more available for common usage but still requires cheaper and simple fabrication processes. 
Nonetheless, the third generation solar cells especially the dye-sensitized solar cells (DSSCs) have 
received great attention after the ground-breaking work demonstrated by O`Regan and Gratzel in 
1991 because of their ordinary structure, comparatively inexpensive manufacturing cost, and 
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relatively high photoconversion efficiency [12]. Currently, the cost of silicon photovoltaic modules 
has been brought about less than $1/WP which has been possible by scale of economics and 
increasing competition. The cost of photovoltaic modules can be reduced even further by different 
learning and scale effects in production of DSSC technology, which is still in a laboratory phase. 
DSSCs based on easy and non-vacuum fabrication apparatus may further bring about the overall 
cost down to $ 0.4/WP with 100 MW/year production capacities [13]. In case of the conventional 
DSSCs fabrication process, nanoporous TiO2 film is screen printed onto the transparent conductive 
oxide (TCO) surface such as fluorine (F)-doped tin-oxide (FTO) glass-substrate, which is one of 
the cost burden components of the DSSCs [14].  
 
  Kroon et al. reported that the production cost of DSSCs mainly arises from the TCO glass 
and dye [15]. In this article they have demonstrated that when the production power capacity is 
increased from 1 MWpeak/year to 4 MWpeak/year as shown in the Fig. 1, the cost contributed by 
TCO glass increases mostly from 16% to 24%, which is a stumbling block for commercialization 
of DSSCs. Wang at al. reported that the traditional costly and rigid glass substrates which have  
 
 
Fig. 2 Production cost distributions analysis: Analysis A involves production capacity of 1 
MWpeak/year, and Analysis B involves production capacity of 4 MWpeak/year. 
 
been utilized for batch processes can be replaced by inexpensive and flexible substrates such as 
low-cost metals, polymers, metals or paper [16]. Again, if we consider the approximated single 
substrate cost employed in dye-sensitized solar cells as shown in the Table 2, we can clearly 
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observe that the cost contributed by the stainless steel foil  (4 $/m2) [17] is much lower as compared 
to TCO glass (12.5-25$/m2) [18] as well as other substrates [19-21]. In our TCO-less DSSCs 
structure, we utilized stainless steel metal mesh as a flexible electrode to make DSSCs more cost 
effective as well as more convenient for transportation. 
 
Table 2. Approximated single substrate cost of dye-sensitized solar cells 
Components (Single substrate) Cost ($/m2) References 
TCO glass 12.5-25 [18] 
Stainless steel foil 4 [17] 
Ti foil 90 [21] 
Ti mesh 15-20 [20] 
ITO-PET 8-72 [18, 19] 
 
The use of flexible substrates in DSSCs can have a wide variety of applications such as in school 
bags, clothes, and other commercial products. Another advantageous feature of the DSSCs is its 
low-cost manufacturing tools and equipment. It has been reported by Kalowekamo at el. that for a 
10 MW/year manufacturing plant, the production cost for TCO glass based DSSC has been 
approximated in between $7.25/m2 - $11.60/m2 as compared to $32/m2 production cost for thin 
film solar cells [17]. Therefore, by fabricating DSSCs employing flexible substrates and applying 
roll-to-roll processing, large reduction in manufacturing cost can be brought about as compared to 
the TCO glass-based DSSCs. Moreover, several other reports have been demonstrated to make the 
DSSCs more cost effective by replacing two or at least one of the TCO glasses based on iodine 
based electrolyte [22-28]. 
 
To enhance the photoconversion efficiency, numerous attempts related to the electrolytes, 
sensitizing dyes, and TiO2 layers are continuously going on [29-33]. Most commonly employed 
electrolyte comprising of I-/I3- redox species has pronounced partial visible light absorption which 
causes the significant photon loss especially in the back contact device architectures. Iodine based 
electrolyte possesses some other limitations such as it exhibits corrosive nature toward the metallic 
grid and it also requires large over-potential for dye-regeneration and ultimately raises the quest 
for alternate redox mediator [34-35, 37]. Recently, various alternative redox mediators have been 
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explored, such as cobalt based redox couple [36-42], TEMPO [43], ferrocene [44], 
disulfide/thiolate redox couple [45], nickel bis(dicarbollide) [46], etc. TEMPO/TEMPO+ a one-
electron redox couple exhibits much faster recombination as compared to I-/I3- redox system, 
which limits the photovoltaic performances of the devices. The maximum photoconversion 
efficiency of 5.4% was obtained employing this electrolyte. Although the Fc/Fc+ based another 
one-electron redox couple yielded a photoconversion efficiency of 7.5% with organic donor–
acceptor sensitizer (Carbz-PAHTDTT), it also exhibits rapid back reaction which makes them less 
convenient compared to I-/I3- redox system. The maximum efficiency of 6.4% was obtained by 
disulfide/thiolate based electrolyte in combination with a sensitized heterojunction. Though the 
sulfur based redox couples are non-corrosive they involve forming/breaking of the S-S bonding 
[47-48]. The Ni(III)/(IV) bis(dicarbollide) based redox shuttle, which is also noncorrosive and 
shows slower kinetics was favorable at the beginning, however still requires surface passivation 
to suppress the interception with the conduction band electron. Moreover, the kinetics of electron 
transfer of this redox system is not fully developed yet [46, 49]. The maximum efficiency obtained 
by this electrolyte was 1.5%.  
 
Among all these redox electrolytes, redox mediators based on cobalt complex have 
received enormous attention because of their negligible visible light absorption, less corrosiveness 
toward the metallic grid, and more positive redox potential to produce higher open-circuit potential 
[36-42]. Very recently, in 2014, Gratzel and coworkers reported a record photoconversion 
efficiency of 13% for TCO based DSSCs employing cobalt redox mediator [50]. However, cobalt 
based redox mediator possesses some drawbacks, such as it exhibits comparatively faster charge 
recombination with the conduction band electrons in nanoporous TiO2 and sluggish dye 
regeneration [37, 38, 51]. Several approaches have been investigated to minimize the 
recombination by passivating the TiO2 surface using atomic layer deposition (ALD) of thin 
insulating metal oxide [38, 52-54]. The mass transport limitations of Co2+/3+ species were first 
demonstrated by Nusbaumer et al. in 2001 [37] and obtained lower photocurrents at high light 
intensities were attributed to three times lower bulk diffusion coefficient as compared to that of I3- 
[55]. Nelson et al. reported that the diffusion of Co3+ species through the nanoporous TiO2 film is 
even more obstructed, which is about one order of magnitude slower than that of I3- [55]. This 
salient difference was due to the larger size of the Co3+ specie and the possible electrostatic 
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interaction of the positively charged Co3+ specie with the negatively charged TiO2 surface [55]. 
The mass transport problems of cobalt redox mediators in the pores of the photoanode have been 
significantly improved by optimizing the porosity and pore size of mesoporous TiO2 by Park and 
coworkers [56]. Recently, Gratzel and coworker used mesoporous TiO2 beads, which offer large 
surface area, good scattering properties and high porosity to circumvent the ionic diffusion of 
cobalt-based redox mediators [57]. 
 
1.1. Objectives of this study 
The aim of this thesis was to make the dye-sensitized solar cells (DSSCs) more cost-effective, 
convenient for transportation, efficient and free from corrosion. In order to meet these  
requirements, one of the two TCO glasses used in conventional DSSCs fabrication processes has 
been replaced by stainless steel metal mesh, which is at least three times cheaper than the TCO 
glass [17, 18] and performs not only as a flexible working electrode but also support of the 
nanoporous TiO2 film. Cobalt complex based redox electrolyte has been employed in this TCO-
less back contact DSSCs structure because of its weak optical absorption in the region from 330-
460 nm, less corrosive nature and fine tunable redox potential to produce higher open-circuit 
voltage as well as higher photoconversion efficiency despite having its mass transport problems. 
Because of the bulkier size of the cobalt (II)/(III) species and rapid recombination due to reduction 
of oxidized Co3+ species at the conductive substrates, attempts such as surface passivation, 
relatively thinner TiO2 films and judiciously selection of suitable sensitizers having high molar 
extinction coefficient have been explored. Also, efforts were made to enhance the diffusion of 
Co3+ species through the electrolyte absorbing layer used in TCO-less DSSCs by employing 
nanoporous TiO2 film and increasing the pore size of the porous polymer PTFE film. 
  
1.2. Outline of this thesis 
The dissertation is composed of 8 individual chapters. Chapter 1 deals with the introductory 
concept of this work such as reasons, background, scope and aim of the present thesis. Chapter 1 
also outlines the basic operational principles of a dye-sensitized solar cell as well as the transparent 
conductive oxide-less (TCO-less) back contact (BC) dye-sensitized solar cells. Chapter 2 explains 
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all the measurement procedures and characterization methods employed throughout the 
experimental studies of this thesis. Chapter 3 discusses the TCO-less back contact dye-sensitized 
solar cells based on cobalt redox electrolyte employing the organic Indoline dye D205. In this 
chapter, it has been demonstrated that the surface protection of the flexible metal mesh is highly 
required to suppress the back electron electron transfer due to the bulkier size and slow ionic 
diffusion of Co(II/III) species. In order to optimize the photovoltaic performances of the TCO-less 
BC-DSSCs, the thickness of nanoporous TiO2 layer coated onto the flexible mesh was optimized. 
Co-sensitization of D-205 dye with D-131 dye was performed because of their complementary 
photon harvesting properties in the region from 400-500 nm to enhance the photoconversion 
efficiency even further. Chapter 4 discusses the TCO-less BC-DSSCs based on cobalt complex 
redox shuttle utilizing the porphyrin YD2-o-C8 sensitizer, which can harvest photon over the 
whole visible region as compared to indoline D-205 dye. The sensitizer YD2-o-C8 having large 
number of long alkyl chain can passivate the TiO2 surface effectively to retard the charge 
recombination between oxidized cobalt species and TiO2 conduction band electrons. In order to 
increase the photoconversion efficiency by enhancing the diffusion of Co(II/III) species, the pore 
size of polymer PTFE film utilized as an electrolyte absorbing layer was increased. The use of 
cobalt based redox electrolyte exhibits better photon harvesting in region from 330-460 nm owing 
to its low optical absorption as compared to iodine based electrolyte counterpart. In order to 
enhance the photoconversion efficiency further, co-sensitization of YD2-o-C8 dye with organic 
Y123 dye was employed because of their complementary photon harvesting properties in the 
region from 480-630 nm. Chapter 5 outlines the TCO-less BC-DSSCs based on cobalt redox 
mediator employing nanoporous TiO2 layer used as an electrolyte absorbing layer in this structure. 
Here, in order to enhance the diffusion of Co2+/3+ species by reducing the thickness of the 
electrolyte absorbing layer, a new strategy was attempted utilizing the porous TiO2 nanoparticles 
coated onto the platinized conducting glass instead of commonly used PTFE film for the first time. 
Since TiO2 nanoparticles bear negative surface charge and offer attractive interaction with 
positively charged cobalt species of the electrolyte hampering the ionic diffusion, attempts have 
been made to passivate this negatively charged TiO2 surface by adsorbing with dye monolayers 
coated onto the counter electrode to facilitate the diffusion of Co2+/3+ species. Chapter 6 concludes 
the key findings of all the experiments performed in this study. Chapter 7 delivers the idea of 
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further work regarding this thesis study. Finally, all the achievements obtained during this PhD 
study are included in chapter 8. 
 
1.3 Operating principles of dye-sensitized solar cells  
Dye-sensitized solar cells (DSSCs) are comprised of a working electrode/photoelectrode (WE/PE), 
a counter electrode (CE), and a hole conducting electrolyte solution as shown in the Fig. 1. The 
photoelectrode consists of a mesoporous layer of semiconducting oxide (TiO2, ZnO, SnO2 
typically used) coated onto the TCO glass sensitized with the dye monolayer. Upon 
photoexcitation, the dye molecule gets excited from the highest occupied molecular orbital 
(HOMO) to the lowest unoccupied molecular orbital (LUMO) followed by an electron injection 
















Fig. 1 Structure of dye-sensitized solar cell with electron transport. (1) Light absorption; dye 
oxidation, (2) Electron injection into TiO2 conduction band, (3) Electron injection into TCO, (4) 
Electron transport in external circuit, (5) Hole injection from dye HOMO, (6) Reduction of Co3+ 
ion, (7) Hole injection into Pt Counter Electrode. 
 
oxidized. The injected electron then travels towards the external circuit via TCO layer. The 
Co2+/Co3+ based redox mediator regenerates the oxidized dye molecule by an electron donated by 
12 
 
the Co2+ species of the redox electrolyte which oxidizes to Co3+ specie and finally travels towards 
the Pt counter electrode. The oxidized Co3+ is then finally reduced back to Co2+ by accepting an 
electron from external circuit through the Pt catalyst layer and completes the circuit. The 
operational principal is depicted in the Fig. 1. The overall electrochemical reactions can be written 
as follows: 
 
𝑆 + ℎ𝜈 → 𝑆∗ (Photo excitation)---------------------------------------------- (1) 
𝑆∗ → 𝑆+ + 𝑒 (Electron injection into TiO2 conduction band)---------- (2) 
𝑆+ + 𝐶𝑜2+ → 𝑆 + 𝐶𝑜3+ (Dye regeneation) -------------------------------- (3) 
𝑆+ + 𝑒 → 𝑆 (Recombination) ------------------------------------------------- (4) 
𝐶𝑜3+ + 𝑒 → 𝐶𝑜2+(Reaction at the Pt counter electrode)   -------------- (5) 
 
Figure 2 shows the energy level diagram of a DSSC. The open-circuit voltage of the DSSC is 
basically defined by energy difference of quasi Fermi level of semiconducting oxide (TiO2) and 
energy level of the redox electrolyte. The energy gap of highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy level of a sensitizing dye 















Fig. 2 Energy level diagram for dye-sensitized solar cell 
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1.4 Basics and Operating principles of transparent conductive 
oxide-less back contact DSSCs 
 
Transparent conductive oxide-less (TCO-less) dye-sensitized solar cells are also composed of a 
working electrode/photoelectrode (WE/PE), a counter electrode (CE), and a hole conducting 
electrolyte solution as shown in Fig. 3. The operating principle of TCO-less back contact dye-
sensitized solar cells is similar to that of the conventional dye-sensitized solar cells except a few 
structural differences.  In TCO-less DSSCs, the nanoporous TiO2 layer is screen printed onto the 
metal mesh, which works as a flexible photoanode as well as back current collecting grid. To hold 
this flexible photoanode, normal slide glass is placed above it. Here, a porous polymer sheet poly- 
tetrafluoroethylene (PTFE: 35 μm) is used to soak the electrolyte. It also works as a separator 
preventing the short-circuit.  Upon photo-excitation, the dye molecule gets excited from the 
HOMO level to the LUMO level followed by injection of electron into the conduction band of the 
mesoporous oxide (TiO2) semiconductor and consequently the oxidized dye gets oxidized. The 
injected electron then travels towards the external circuit via flexible metal mesh. In conventional 
DSSCs, the injected electrons are collected through the front TCO glass through which the light is 
incident. On the other hand, the injected electrons are collected by the metal mesh placed at the 
back side to the outer most cover glass through which the light is incident as shown in the Fig. 3. 
Since the electrons are collected from the back side through the metal mesh which is situated 
opposite to the side of light irradiation, the device is called TCO-less back contact (BC) DSSCs. 
The cobalt based redox electrolyte then reduces the oxidized dye molecule by donating an electron 
by the Co2+ specie, which gets oxidized to Co3+ specie and moves towards the Pt counter electrode 
to get reduced back to Co2+ specie by receiving an electron from external circuit through the Pt 
catalyst layer and completes the circuit. The electrochemical reactions and the energy level 






























Fig. 3. Structure of TCO-less back contact dye-sensitized solar cell. (1) Light absorption; dye 
oxidation, (2) Electron injection into TiO2 conduction band, (3) Electron injection into metal mesh, 
(4) Electron transport in external circuit, (5) Hole injection from dye HOMO, (6) Reduction of 
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2. Measurement procedures and methods 
In this section, all the measurements and characterization methods employed in this thesis are 
presented.  
 
2.1. Photovoltaic parameters and their measurements 
 
The overall photoconversion efficiency (η) of a solar cell can be defined by the following formula: 
η =
𝐽𝑠𝑐 × 𝑉𝑜𝑐 × 𝐹𝐹
𝑃𝑖𝑛
 
where Jsc is the short circuit current density, Voc the open circuit voltage, FF the fill factor of the 
cell, and Pin the intensity of the incident light. The solar energy spectrum which varies from the 
ultraviolet to the infrared region having peak in the visible region resembles the spectrum of a 
blackbody at 5760 K. The solar radiation mostly depends on the atmospheric absorption and 
position of the sun. It has been observed that when the sky is clear and the sun is directly overhead, 
the maximum solar radiation reaches the earth’s surface through the atmosphere having the 
shortest path length and the path length is termed as the `air mass` (AM). The air mass number is 
defined as the ratio of the path length of incoming solar light through the atmosphere to that 






where ∅ is the angle of elevation of the sun. In order to have optimum device performance, the 
standard solar spectrum air mass 1.5 G (AM 1.5 G) with an intensity of 1000 W/m2 or 100 mW/cm2 
which is equivalent to 1 Sun light intensity for input power is used. At AM 1.5, the sun is at an 
angle of 48.19° with regard to the vertical axes. In this case, the solar cell temperature is maintained 
at 298 K.  





Short circuit current density 
The short-circuit current density (Jsc) is the maximum photocurrent density through the solar cell 
when the voltage across the solar cell is zero (i.e., when the device is at short circuit condition). The 
Jsc of dye-sensitized solar cell is calculated by the overlap between its spectral incident photon to 
current conversion efficiency (IPCE) ηIPCE (λ) and the spectral photon flux ΦDC (λ) (units m-2s-1nm-
1) incident on the device 




Where, λmin and λmax are the ranges of non-zero wavelength.  
Incident photon to current conversion efficiency (IPCE) 
One of the fundamental tools of a solar cell device performance is the external quantum efficiency 
(EQE), which is generally known as the incident photon to current conversion efficiency (IPCE) 
to the DSSC community. The three factors determining the IPCE of DSSC are the light-harvesting 
efficiency (ηLH), the electron injection efficiency (ηINJ) from the excited sensitizer into the TiO2 
conduction band, and the electron collection efficiency (ηCOL) of the photo-generated charge 
carriers, which all are usually wavelength dependent [1, 3]: 











Fig. 1 Typical IPCE spectrum of dye-sensitized solar cell. 
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The IPCE value can also be measured from the photocurrent density produced by a low intensity 
monochromatic illumination of the cell divided by the photon flux that is incident on the cell. In 











where, e is the elementary charge of electron. Monochromatic quantum efficiency of a solar cell 
can be understood by the IPCE values. In general, ηIPCE (λ) vs. light intensity graph shows non-
linear behavior in case of dye-sensitized solar cells owing to the mass transport restrictions in the 
redox mediator or electron diffusion length as a function of electron concentration [3-6] and 
sluggish photocurrent response time owing to the trapping states of electron [4]. As a result, it is 
difficult to get the steady state and differential IPCE estimation and corresponding clarification [4, 
6]. The typical IPCE spectrum of dye-sensitized solar cell when illuminated from the 
photoelectrode side is shown in the Fig. 1. 
  
Fill Factor 
The fill factor (FF) is an important parameter which corresponds to the maximum power of a solar 
cell. The maximum power can be attained as the product of the photocurrent and photovoltage at 
the voltage where the power output of the cell is maximum. It is defined as the ratio of the 
maximum power Pmax of the solar cell per unit area to the product of open-circuit voltage (Voc) 







Where, Pmax is defined as the product of IMPP and VMPP. The IMPP and VMPP are the maximum 
current and voltage corresponding to the maximum power point (MPP) of the solar cell device as 
shown in the Fig. 2. The fill factor describes the squareness of the current-voltage curve. It can 
have the values between 0 to 1. The characteristic of a real diode usually deviates from the ideal, 















Fig. 2 Typical J-V curve of dye-sensitized solar cell. 
 
from the ideal case, the shape of the current–voltage curve can be quantitatively described by the 
parasitic loss of series and shunt resistance. As (Rs = 0) is the ideal case, the higher series resistance 
corresponds to the poor conductivity through the active layer and hampered charge carrier injection 
to the electrodes. Indeed, the ideal diode case requires infinite shunt resistance. The imperfections 
within the photoelectrode or current leakage at the interface between layers in the device lead to 
the reduction in shunt resistance (Rsh) [7].   
 
Open circuit voltage 
Under open-circuit voltage conditions, the internal quantum efficiency of a dye-sensitized solar 
cell is zero, because the photogenerated electrons and holes are combined which result in the zero 
photocurrent inside the device. Usually under short-circuit conditions, the charge kinetics rates are 
explained in dye-sensitized solar cells. When the voltage (load) is applied across the cell, the 
electron charge concentration in TiO2 increases which in effect increases the back electron transfer 
rate (Kbr) and recombination rate (Krec). Charge transfer and recombination rates play an important 
role in calculating the internal quantum efficiency (IQE), the short-circuit current density (Jsc) and 
open-circuit voltage (Voc). In order to obtain the maximum efficiency, the recombination issues 
for electrolytes and solid-state hole conductors have to be minimized as much as possible. It has 
been reported that a tenfold decrease in the recombination rate may result in the 50-60 mV increase 
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in the Voc [8]. To suppress the back electron transfer, the oxide film can be treated with organic 
or inorganic modification. In case of organic modification, co-adsorption of surface can help to 
prevent direct contact of electrolyte with the TiO2 [9]. Thin layer of insulating oxides are formed 
on the TiO2 film before dye loading for inorganic modification [10-11]. However, the insulating 
thin layer has to be thin enough to facilitate the electron transfer from the photoexited dye as well 
as the thick enough to hinder the back electron transfer. It has been reported that adjusting the ionic 
content in the electrolyte can be even more useful at reducing recombination than using the 
inorganic thin film [12]. 
 
2.2. Film thickness measurement 
Thickness measurement of nanoporous TiO2 thin films coated onto the FTO glass and slide glass 
in present thesis was performed using Dektak 6M (STYLUS PROFILER, Veeco instruments Inc.). 
The Dektak 6M profiler provides the measurement electromechanically by placing the sample 
beneath the diamond-tipped stylus. The stylus is mechanically connected with the core of linear 
variable differential transformer (LVDT). The fine stylus is positioned across the sample as per to 
the user–programmed scan length, scan time, speed and stylus force. Stylus motion is converted 
vertically according to the surface variation of thin film thus varying the core position of LVDT 
and generating the corresponding electrical signal. An AC reference signal proportional to the 
positional change is generated by the LVDT, which in turn is adjusted and transformed to a digital 













copying a single scan are kept in computer memory for display, manipulation, measurement and 
printing as shown in the block diagram (Fig. 3). The step profilometry has the effective secondary 
function which can perform the surface roughness measurements. Irregularities in the film surface 
can be estimated by placing the stylus travel across the surface of the film and at the same time 
maximum, minimum and average heights of the peaks and troughs can also be recorded. However, 
two major drawbacks of this technique have been realized. Firstly, it needs a reasonably sharp face 
to the film i.e. the slope of the face of the film from top to bottom is less than the length of the 
stylus travels. Secondly, the film has to be thick enough so that the stylus does not get embedded 
in the film, which can happen with some polymer materials.  
 
2.3. UV-visible-NIR spectroscopy 
UV-Vis-NIR spectroscopy or UV-Vis-NIR spectrophotometry is used to investigate the optical 
properties of sensitizers and electrolytes used in the fabrication of DSSCs. The optical phenomena 
involving reflectance, transmittance, and absorbance are considered along with the equipment 
required to measure them. The absorbance or reflectance in the visible region directly influences 
the distinguished color of the chemicals involved. Molecules go through electronic transitions in 
this region of the electromagnetic spectrum. Molecules having π-electrons or non-bonding 
electrons (n-electrons) can take the energy in the form of ultraviolet or visible light to energize 
these electrons to higher anti-bonding molecular orbitals. The lower the energy gap between the 
HOMO and the LUMO level, the longer the wavelength of light it can absorb.    
         
The equipment used in UV-Vis. spectroscopy is called a UV-Vis spectrophotometer. To estimate 
the transmittance at a given wavelength, the computer in the spectrophotometer records intensity 
of light at that wavelength before passing through the sample I0 and also the intensity of the same 
wavelength after passing through the sample I. The intensity ratio (I/I0) is defined as 
the transmittance, and is usually presented as a percentage (%T). To measure the absorbance at a 
given wavelength, it simply takes the intensity of light at that wavelength before passing through 
the sample (I0) and divides this value by the intensity of the same wavelength after passing through 








The UV-visible spectrophotometer can also be used to calculate the reflectance. In this case, the 
spectrophotometer measures the intensity of light at a given wavelength reflected from a sample I, 
and it also measures the intensity of light at that wavelength reflected from a reference material I0. 
The intensity ratio (I/I0) is defined as the reflectance, and is generally expressed as a percentage 
(%R). In this thesis, electronic absorption spectra of the dye in solution as well as thin film 
adsorbed on the nanoporous TiO2 were measured using UV-visible spectrophotometer (JASCO, 
model V550). All the measurements were performed in absorbance mode.  
 
2.4. Scanning Electron Microscopy (SEM) 
The scanning electron microscope (SEM) uses a focused beam of high-energy electrons instead of 
light to form an image at the surface of solid specimens. The SEM has established new areas of 
research in the field of medical and physical sciences since their advancement in the early 1950`s. 
The signals generated from electron-sample interactions provide the information about the sample 
including morphology, crystalline structure, and orientations of the materials forming the sample. 
The SEM permits more of a specimen to be in focus at one time. The closely spaced specimens 















is an equipment that can generate a very highly magnified image by using high energy electrons 
instead of light. A focused beam of high-energy electrons is generated at the top of the microscope 
by an electron gun. The electron beam travels through the electromagnetic fields and is directed 
down toward the sample by lenses. When the beam hits the sample the kinetic energy of the 
accelerated electrons is dissipated as secondary electrons, backscattered electrons, diffracted 
backscattered electrons, x-rays as shown in the Fig. 4. Detectors receive these x-rays, backscattered 
electrons, secondary electrons and transform them into a signal that is sent to the screen. Secondary 
electrons are responsible for producing morphology and topography on sample. Backscattered 
electrons are responsible for showing contrasts in composition in multiphase samples. When the 
exited electrons come back to lower energy states, they produce x-rays of fixed wavelength. 
Characteristics x-rays are generated for each element in the sample which is stimulated by the high 















Fig. 5 Typical cross-sectional SEM image of TiO2 film coated on to the flexible stainless steel 
metal mesh.  
 
In my work for this thesis, the thickness of the nanoporous TiO2 layer screen-printed on to the Ti-
sputtered metal mesh was calculated from the cross-sectional view using scanning electron 
microscope (SEM) NeoScope JCM-6000. A typical SEM image of nanoporous TiO2 layer coated 
onto the flexible stainless steel metal mesh is shown in the Fig. 5. 
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2.5. Electrochemical Impedance Spectroscopy  
The electrochemical impedance spectroscopy (EIS) is an established tool to study the dye-
sensitized solar cells [13-16]. Using EIS measurement, impedances of the individual cell 
constituent and their interfaces can be calculated. In EIS, the modulation of sine wave deforms the 
potential employed to a system and the obtained sinusoidal current response having amplitude and 
phase shift is estimated as a function of modulation frequency. The impedance is expressed as the 
frequency domain ratio of the voltage to the current. The impedance is expressed as a complex 
number. In case of capacitors (C) and inductors (L), the impedance varies with frequency and is a 
complex quantity. On the other hand, for a resistor (R), the impedance is a real quantity and 
independent of frequency. The purpose of employing this EIS measurement is to determine the 
losses of current and voltage values which cannot be analyzed via I-V curve. The different 
interfaces in dye-sensitized solar cells form RC circuits, which show different impedance 
responses owing to the different time constants. The impedance estimated in a range of frequencies, 
can be represented in terms of an equivalent circuit model comprising of series and parallel  
 
 
Fig. 6 Electrochemical impedance spectrum (Niquist plots) of a TCO-less back contact DSSC 
comprising of working metal mesh-Ti | TiO2-YD2-o-C8 | Co2+/3+ redox electrolyte |Pt counter 
electrode. Z1, Z2 and Z3 express the impedances at these interfaces. R1, R2, and R3 are the 




connecting elements R, C, L and W, which is Warburg element. Fig. 6 exhibits the electrochemical 
impedance spectrum of a TCO-less back contact dye-sensitized solar cells employing dye cocktail 
of (YD2-o-C8:Y123=4:1) based cobalt complex redox electrolyte. 
 
Fig. 7 shows the equivalent circuit model from the EIS and current-voltage characteristics 
of dye-sensitized solar cells. In general, the impedance spectrum exhibits three semicircles in the 
measured frequency range of 0.005-100000 Hz [17-19]. This implies that there are minimum four 
impedance parameters in the dye-sensitized solar cells. The impedance between 1 to 100 kHz is 
defined as Z1, 1 kHz to 1 Hz as Z2, and I Hz to 5 mHz as Z3. The real parts of Z1, Z2, and Z3 are 
defined as the internal resistances R1, R2, and R3 respectively. Impedance above 1 MHz cannot be 
measured because of the instrumental limitations. The distance from origin to the first semicircle 
in the Niquist plot defines the series resistance. The first semicircle is due to the impedance related 
to the charge transfer at the Pt counter electrode in the high frequency region. The second 
semicircle represents the impedance related to the charge transport at the TiO2/dye/electrolyte 
interface in the mid frequency region. And the third semicircle corresponds to the impedance 







Fig. 7 Equivalent circuit model attained from electrochemical impedance spectroscopy of dye-
sensitized solar cells. 
 
2.6. Cyclic Voltammetry  
Cyclic voltammetry (CV) is one of the most useful electro-analytical tools to attain thermodynamic 
information such as equilibrium constants and redox potentials, kinetic information such as rate 
constant reactions having electro-generated species, mechanistic information and analytical 
information such as concentration about chemical systems where redox reaction plays an important 
role. Cyclic voltammetry is a process in which potential employed to the working electrode is 
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swept at a fixed rate and altered at a certain point and the obtained current is estimated as a function 
of potential as shown in the Fig. 8. The electroactive species are reduced at the working electrode 
surface when the potentials are swept from positive to negative. In cyclic voltammetry, the 
negative potential sweep provides the cathodic current. The cathodic current increases when 
electrons are transferred from the electrode surface to the reactive species. The decrease in current 
that gives the peak shape occurs when the rate of diffusion of reactants to the working electrode 
surface begins to limit the rate of reaction. As the rate of diffusion of reactants to the working 
electrode surface starts to curb the rate of reaction the current starts to reduce to provide the peak 
shape of the cyclic voltammogram as shown in the Fig. 8 (b). The reduced electroactive species at 
the working electrode surface are transformed to the oxidized form producing a peak in the anodic 
current when the potential is swept from a negative to the positive. In cyclic voltammetry, the key 
controlling term is the employed potential, the feedback signal is the time course of the current. 
Electron transfer reactions at the electrode provide current through Faradic process. On the other 
hand, capacitive charging of the electrolyte/electrode interface gives current through non-Faradaic 
process. Potentials of redox systems can be estimated in cyclic voltammogram process. In cyclic 
voltammogram, current peak depends on the scan rate employed and provides information whether 
the redox couple is liberated in the solution or embedded to the electrode surface.  
 
             Electrochemical techniques are the established methods to evaluate the energy levels of 
sensitizers utilized in dye-sensitized solar cells. In this thesis, to calculate the diffusion coefficient 
of Co3+ specie through the nanoporous TiO2 film, the cyclic voltammetry was performed 
employing a three electrode setup consisting of a Pt working electrode, nanoporous TiO2 layer 
coated Pt as a counter electrode, and a Ag/AgCl reference electrode as shown in the Fig. 9. The 
area of the nanoporous TiO2 film coated onto the Pt substrate was 1 cm2. The distance between the 
TiO2 coated Pt counter electrode and Pt working electrode was kept fixed at 2 cm. The electrolyte 
solution consisted of 2.2 mM Co(II), and 100 mM TBAPF6 in acetonitrile. The scan rates applied 
were 10 mVs-1, 20 mVs-1, 40 mVs-1, 60 mVs-1, and 80 mVs-1, respectively. In cyclic voltammetry, 
the influence of scan rate on the peak current ip is described by the Randles–Sevcik equation. The 
diffusion coefficient of Co(III) specie through the nanoporous TiO2 film was calculated using the 













Where, ip is the peak current, n the number of electrons transported in the redox event, D the 
diffusion coefficient, C the concentration of the redox specie and ν the scan rate. Since the current, 
i is charge per unit time, when the voltage scan rate is increased the charge transferred per unit 


















Fig. 9. Three electrode setup in cyclic voltammetry. 
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2.7. Methods for thin film fabrications 
In the following, the brief preview about the major instrumentations employed for TiO2 active 
layer, thin compact TiO2 layer and Ti metal thin film fabrication employed in this thesis are 
presented. 
 
2.7.1 Screen Printing 
One of the cheapest and easiest techniques to fabricate solar cells is the screen printing technique. 
Screen printed solar cells were first introduced during 1970`s. This technique has got its popularity 
because of its simpler set up and operating principle. Any surface which is plain or flat can be 
screen printed on. The screen printer having manipulator (X / Y / θ) with few micrometers can 
allow rapid adjustment. The Z direction adjustment in compatible with the substrate thickness can 
be done simply. In general, for coating different 
kind of semiconducting paste (TiO2, ZrO2, ZnO, 
SiO2 etc), equipments like doctor blade, slide 
glass, and different kind of squeegee which aids 
squeegeeing in printing are used. By employing 
metal mask having different sizes and 
thicknesses, photoelectrode of different shapes 
and thicknesses can be obtained. The flexible 
stainless steel metal mesh and FTO glass 
substrates were coated with nanoporous TiO2 
using screen printing method. Figure 10 shows 









2.7.2. Spray pyrolysis (nanovapor spray diposition) 
By employing spray pyrolysis technique, a wide variety of films like thin films, thick films, and 
porous films can be deposited. The technique offers very simple and economical deposition 
methods. Very large area and homogeneous film can be formed by this technique. The technique 
has been utilized for long time in thin film solar cell fabrication. The fundamental concept of this 
spray pyrolysis technique involves the pyrolytic decomposition of the salt of required compound 
to be formed. When the aerosol droplet strikes the surface of the hot substrate, it encounters 
pyrolytic decomposition and produces monocrystalline or multicrystalline films. The solvent and 
other volatile substances are lost in the vapor phase. The hot substrate provides the required 
thermal energy for decomposition and consequent recombination of the constituent. The substrate 
temperature plays an important role in determining the morphology of the film. The precursor 
solution is another important parameter of this spray pyrolysis technique, which influence the 
structure and properties of the deposited film. For deposition of compact TiO2 layer (100 nm), 













Fig. 11 (a) Spray pyrolysis coating system used in forming compact layer of TiO2. (b) Schematic 







Sputtering technique is a physical vapor deposition method. Sputtering technique is used to deposit 
thin films of various materials onto the surface of a substrate. This technique is based on a process 
where highly energetic particles can dislodge the atoms from the target surface. The secondary 
electrons that are emitted from the target surface are essential to maintain the plasma. Figure 12 
describes the basic sputtering system and sputtering process. Usually free electrons are accelerated 
away from the cathode. The accelerated electrons will proceed toward the neutral gas atoms 
through their path and drive the outer shell electrons of these gas atoms and create more positively 
charged particles than negatively charged electrons. Finally, the neutral gas atom becomes a 
positively charged ion (e.g. Ar+). The positively charged ions are then accelerated towards the 
cathode and liberates more free electrons by transfer of energy. These extra electrons again releases 
the ions and plasma formation continues. The free electrons combining with the outer shells of the 
ions form the neutral gas atoms again. 
 
 
Fig. 12. (a) Basic sputtering system, and (b) sputtering mechanism. 
 
According to the conservation laws of energy, when these electrons are come to the ground 
state, the energy is gained by the gas atom and release the same amount of energy in terms of 
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photons. These photons are responsible for plasma to be glowing. In magnetron sputtering, by 
applying magnets at the back of the cathode, free electrons can be confined above the target surface 
in a magnetic field. The circuitous path traversed by these electrons when confined in a magnetic 
field, increases the possibility of ionizing the gas molecules by several orders of magnitude. A 
magnetron sputtering source is an apparatus to form thin film that is placed in vacuum chamber 
either by flanges or feedthroughs. It is composed of a water cooled cathode/target stand with an 
attached magnet array and proper grounded shielding. By employing sputtering apparatus different 
dielectric film like SiN, SiO2, ZrO2, TiO2, polymerization film, transparent conductive film like 
ITO, ZnO, metal film like Au, Ag, Cu, Si, Ti, Sn, Cr, Al, and Ni can be deposited. In our TCO-
less BC-DSSCs fabrication process, we sputtered a thin film of Ti (240 nm) from both side of a 
metal mesh by employing a sputtering apparatus (CFS-4EP-LL, Shibaura Mechatronics, Japan) as 
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3. Transparent conductive oxide-less (TCO-less) back 
contact dye-sensitized solar cells based on cobalt 
electrolyte employing organic Indoline dye D-205  
 
(Contents of this chapter have been published in the Progress in Photovoltaics: Research and 
Applications (M. Z. Molla, N. Mizukoshi, H. Furukawa, Y. Ogomi, S. S. Pandey, T. Ma and S. 
Hayase, Prog. Photovolt: Res. Appl. 2015, 23, 1100). The materials of this chapter have been 
reproduced with the grateful acknowledgements of Progress in Photovoltaics: Research and 
Applications.) 
 
This chapter explores the application of TCO-less back contact DSSC based on cobalt complex 
based redox electrolyte in combination with organic Indoline dye D-205. In this case, attempts 
have been made in order to enhance the photoconversion efficiency of TCO-less back contact 
DSSCs to match with their TCO-based DSSC counterparts.  
 
3.1 INTRODUCTION 
The fundamental paper published by O`Regan and Gratzel in 1991 demonstrated that dye-
sensitized solar cells (DSSCs) are capable of converting solar energy to electricity effectively [1]. 
DSSCs have been extensively investigated as a next generation solar cell owing to their simple 
structure, relatively low manufacturing cost and comparatively high photoconversion efficiency. 
However, towards the commercial implementation of DSSCs, further reduction of manufacturing 
cost as well as improvement in the photoconversion efficiency is highly required. In general, for 
DSSCs fabrication process, a nanoporous TiO2 layer is coated onto a transparent conductive oxide 
(TCO) layered glass, which is one of the costly components of the DSSCs [2]. Kroon et al. have 
shown that the cost contributed by TCO glass >20% is one of the barriers to commercialize DSSCs. 
They also aimed to fabricate TCO-less DSSCs by employing thin porous Ti layer placed over the 
TiO2 layers, which functions as the electron collecting grid yielding the photoconversion efficiency 
of 3.6%. Several reports were thereafter made in order to make the DSSCs more affordable for 
common usage by replacing two or at least one of the TCO glasses used in fabricating the DSSCs. 
Fuke et al. have reported the fabrication of TCO-less DSSC structure and named as back contact 
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(BC)-DSSC where, thermally evaporated porous Ti metal deposited onto the TiO2 layer was 
treated as a back contacted current collector [4-5]. In order to enhance the Jsc by suppressing the 
optical loss by TCO glass, they employed glass substrate through which light is incident on the 
device in this TCO-less BC-DSSC structure with photoconversion efficiency in this TCO-less BC-
DSSC to be 7.1%.  
 
  Kashiwa et al. demonstrated an all metal based TCO-less DSSC by replacing both of the 
FTO glass of the DSSC. In this article, they created thick and porous Ti metal on the nanoporous 
TiO2 by utilizing tetrapod-shaped ZnO to make the straight pore to fabricate the TCO-less 
photoanode and achieved photoconversion efficiency of 7.4%, which was almost comparable to 
that of the TCO based DSSC counterpart producing the photoconversion efficiency of 8.44% 
fabricated under similar experimental conditions [6]. They also applied Pt sputtered Ti sheet as a 
TCO-less counter electrode. In this case, they were able to decrease the sheet resistance to 2-3 Ω/□ 
by applying 250 nm thick of Ti metal as compared to that of the FTO layered glass producing the 
sheet resistance between 10-30 Ω/□. In order to eliminate vacuum and sputtering process as much 
as possible towards the fabrication of TCO-less DSSCs, Fan et al. have reported DSSCs consisting 
of photoanode fabricated using flexible-mesh to support the nanoporous TiO2 layer yielding the 
photoconversion efficiency of about 1.5% [7]. In this article, they invented a double-counter 
electrode cell (DCEC) structure, which could not be possible by a conventional working electrode, 
where two counter electrodes share one working electrode to maintain the homogeneous 
distribution of light inside the electrode. They also demonstrated that the transmission of 
electrolyte is independent of the rate-determining step. However, the obtained efficiency was too 
low, which could be due to the un-optimized compact TiO2 layer used to suppress the back electron 
transfer. Protection of the stainless steel metal surface by an insulating thin layer of SiOx to reduce 
the charge recombination was suggested by Kang et al. [8] who investigated that protection of 
stainless steel mesh by ITO and SiOx led to the 50 % increase in the photoconversion efficiency 
as compared to the unprotected one. In this case, SiOx layer plays the same role as the TiO2 
blocking layer. In this article, they have shown the benefit of stainless steel metal mesh over the 
plastic based substrates because of their high temperature durability which enhances the 




  It has been reported by Hore et al. that the thin compact TiO2 layer worked as an effective 
charge recombination blocking layer (CRBL) for transparent conductive oxide (TCO) glass 
substrate as well as nanoporous TiO2 layer in the DSSC research [9]. They realized that the electron 
loss at the TCO surface is even much more evident at low light intensities. By reducing the electron 
loss at the TCO/electrolyte interface by employing the compact TiO2 layer, they were able to 
increase the shunt resistance as well as the fill factor by more than 10%. In this case, they reported 
the photoconversion efficiency of 4.78% and 4.3% using compact layer and without compact layer, 
respectively. In fact Yoshida et al. [10] of our group aimed to apply gradient TiOx thin layer instead 
of commonly employed dense TiO2 blocking layer on the stainless steel mesh as a CRBL leading 
to increase in the photoconversion efficiency from 2.2 % to 4.7 %. In this case, use of dense TiO2 
blocking layer on stainless mesh acting as a CRBL provided the photoconversion efficiency of 
2.87%, which is a little higher than the unprotected stainless mesh (2.2%). In this article, they 
reported that the difference in the thermal expansion coefficients between the stainless steel 
(1.6×10-5/˚C) and the dense TiO2 layer (7.7×10-6/˚C) layer was responsible for breaking the dense 
TiO2 film used as a CRBL.  
 
  One of the problems for TCO-less BC-DSSCs with a protected stainless metal mesh sheet 
is that an electrolyte layer exists between the cover glass and photoanode since it is simply inserted 
between the cover glass and a porous polymer sheet filled with electrolyte. Commonly employed 
electrolyte consisting of I-/I3- redox species having large optical absorption in the area between 
300-500 nm which filters the light and causes optical loss before the light reaches to dye layers. 
To enhance the photoconversion efficiency further, various studies pertaining to the electrolytes, 
TiO2 layers and sensitizing dyes are steadily going on [11-15]. Amongst them selection of redox 
species is one of the crucial components of the DSSCs from the view point of controlling the open 
circuit voltage (Voc) [16]. In this context, electrolytes based on cobalt complexes have attracted 
attentions owing to their small light absorption by electrolyte itself, less corrosiveness and deeper 
redox energy level giving the possibility to obtain higher Voc.  
 
  Higher than 1.0 V of the Voc was reported by Feldt et al for the DSSCs fabricated using 
cobalt-phenanthroline based redox shuttle [17]. Bulkier size of these redox species and fast 
recombination due to facile reduction of Co3+ species at conductive glass substrates led to the need 
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for the strict control pertaining to the surface passivation, thinner TiO2 layers and limitation over 
the selection of suitable sensitizers having high molar extinction coefficient. Keeping these facts 
into consideration, recently, DSSCs based on cobalt complex redox couple with organic porphyrin 
dye has been reported to have the benchmark photoconversion efficiency over 12% [18] with 
reported Voc of 0.935 V. The cobalt complex redox shuttles were employed in this TCO-less back 
contact DSSC because of the small light absorption by the cobalt species in the region from 300 
nm to 400 nm. This chapter presents the fabrication and characterization of a TCO-less BC-DSSCs 
using cobalt based electrolyte and sensitizer based on Indoline dye D205. To attain high efficiency 
for DSSC, a dye must intake as much incident solar light as possible over the broad wavelength 
region. Though the solar spectrum possesses a wide range of wavelengths, a single sensitizer can 
only harvest a small range of the solar spectrum. Therefore, sensitizers with distinct photon 
harvesting ranges are combined to attain a wide range of photon harvesting [19-23]. D-205 dye 
exhibits hampered photon harvesting in the region 400-500 nm. On the other hand, another 
Indoline dye D-131 exhibits better photon harvesting in this region. Hence, to enhance the photon 
harvesting in the region from 400-500 nm of visible spectrum, co-sensitization of Indoline dye of 
D-205 and D-131 was applied owing to their complementary absorption properties.  
 
3.2 EXPERIMENTAL 
3.2.1 Materials and methods 
All the chemicals used in the present investigation can be found commercially and utilized without 
further purification. The Co based redox species utilized in this work were synthesized by the 
process as per our earlier publication [24]. Indoline dye D-205 and D-131 were purchased from 
Mitsubishi Paper Mills Co. Ltd. Japan. The molecular structures of synthesized cobalt based redox 
species and sensitizing dyes D-205, D-131 are shown in the Fig.1. Electronic absorption spectra 
of the sensitizer utilized in solution as well as thin film adsorbed on the TiO2 nano-particles were 
performed utilizing UV-visible spectrophotometer (JASCO, model V550). The thickness of the 
mesoporous TiO2 film screen-printed onto the FTO-glass was calculated utilizing DEKTAK 6M 
(STYLUS PROFILER). Electrochemical impedance spectroscopy (EIS) measurements were 
performed with a frequency response analyzer (Solartron Analytical, 1255B) equipped with a 
Potentiostat (Solartron Analytical, 1287) under 1 Sun light illumination and 1 mA constant current 
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condition utilizing a Yamashita Denso YSS-50A solar simulator. EIS measurements were carried 
out in the frequency range 5×10-3 – 105 Hz at room temperature. Z-View software (Solartron 
Analytical) was utilized to characterize the electrical impedance spectra. Scanning electron 
microscope (SEM) NeoScope JCM-6000 was utilized to calculate the thickness of the mesoporous 










Fig. 1 Structure of sensitizing dyes D-205, D-131 and cobalt complex used in the present 
investigation. 
 
3.2.2 TCO-less DSSC Fabrication 
 TCO-less BC-DSSC has been fabricated utilizing a stainless steel (SS) metal mesh (SUS-730 
having wire diameter of 13 μm and space between the wires of 13 μm. Mesh was obtained from 
Asada mesh Co. Ltd., Japan and cut into the size of 20×20 mm2 (as shown in the Fig. 2 (a)) for 
screen printing. The mesh was first washed with isopropanol for 30 min followed by sputtering a 
thin layer of Ti metal (240 nm, Ti/SS mesh) utilizing sputtering apparatus (CFS-4EP-LL, Shibaura 
Mechatronics, Japan). Nanoporous TiO2 D/SP paste (Solaronix, SA) having particle size of 15-20 
nm was screen-printed onto the Ti/SS mesh as shown in the Fig. 2 (b) by screen printing technique 
followed by baking at 450 ˚C for 30 min. After baking the nanoporous TiO2 coated metal mesh at 
450˚C for 30 min, the mesh was cut into the size of 20×5 mm2 for making actual device as shown 













Fig. 2. (a) Metal mesh having size of 20×20 mm2 taken for screen printing, (b) Metal mesh after 
coating the TiO2 paste having the dimension of 20×5 mm2 and (c) Metal mesh cut into the size of 
20×5 mm2 for actual device fabrication.  
 
Ti/SS mesh into the 0.5 mM solution of Indoline dyes D-205, D-131 and their dye cocktail in the 
ratio of (D-205:D-131 = 1:1) in tert-butanol and acetonitrile (1/1, v/v) at room temperature for 16 
h. A thin layer of Pt (60 nm) sputtered FTO-glass was utilized as a counter electrode. A 35 μm 
thick porous polymer polytetrafluoroethylene film (PTFE H010A293D, ADVANTEC) having 
pore size of 0.1 μm was placed between the dye-stained TiO2 flexible photoanode and platinised 
FTO electrode to absorb the electrolyte solution. Electrolyte utilized in this thesis work consisted 
of Co (II) complex (0.22 M), Co (III) complex (0.033 M), tertiary butyl pyridine (0.20 M) and 
LiClO4 (0.1 M) in acetonitrile. Iodine based electrolyte consisted of LiI (0.5 M), I2 (0.05 M), TBP 































Fig. 3 Device architecture of TCO-less back contact DSSC [28]. 
 
imidazoliumdicyanoimide (0.6 M) in acetonitrile. To hold the flexible photoanode, a slide glass 
(transparent) was placed above the dye-stained TiO2 electrode as shown in the Fig. 3. The 
electrolyte was inserted by utilizing capillary tube followed by proper device sealing with epoxy 
resin. Schematic diagram of TCO-less BC-DSSC is shown in the Fig. 3. 
 
3.2.3 Photovoltaic Characterization  
Photovoltaic characteristics were performed with a solar simulator (CEP-2000 Bunko Keiki Co. 
Ltd, Japan) connected to a xenon lamp (Bunko Keiki BSO-X150LC) for the light irradiation. The 
solar simulator spectrum and its power were fixed to be 100 mW/cm2 at AM 1.5 utilizing a 
spectroradiometer (LS-100, Eiko Seiki, Japan). A standard amorphous Si photodetector (Bunko 
Keiki BS-520 S/N 353) having visible light sensitivity identical to that of DSSC was utilized to 
adjust the power of the irradiated light from the solar simulator. To measure the solar cell 
performance, cell area was exactly fixed utilizing a black metal mask having area of 0.2025 cm2. 
Incident photon to current conversion efficiency (IPCE)-spectra as a function of wavelength were 
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performed with a constant photon flux of 1x1016 photon/cm2 at each wavelength in the DC mode 
utilizing the action spectrum measurement system equipped with the solar simulator (CEP-2000, 
Bunko Keiki, Japan). 
 
3.3 RESULTS AND DISCUSSION 
3.3.1 Electronic absorption spectra  
Figure 4 shows the electronic absorption spectra of indoline D-205 dye in the t-butanol-acetonitrile 
(1:1) solution and thin film adsorbed on the nanoporous TiO2 layer (4 μm). The D-205 dye exhibits 
absorption maximum (λmax) at 534 nm in solution corresponding to the π-π* electronic transition 
from highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital 
(LUMO) yielding the molar extinction coefficient (ε) of 6.78×104 mol-1cm-1, which is higher as 
compared to that of the ruthenium based dye N3 having ε of 1.39 x 104 mol-1cm-1 at 541 nm [25]. 
The higher value of ε is an important parameter for DSSCs especially based on cobalt based 
electrolytes, where the utilization of thinner TiO2 films is highly required owing to the slow-ionic 
diffusion of large and bulkier size of cobalt complexes. The D-205 dye shows slight red shift in 
the λmax at 538 nm with spectral broadening on the surface of mesoporous TiO2 film. The moderate 













Fig. 4 Electronic absorption spectra of dye (D-205) in solution and thin film adsorbed on 




nm). Enhanced delocalization of the π* orbital of the conjugated framework may take place due 
to the moderate interaction between the carboxylate group and the surface Ti4+ ions. This 
delocalization decreases the energy of the π* level and causes the red shift for the absorption 
threshold [26]. Spectral broadening demonstrates the aggregation of dyes in the condensed state 
of the TiO2 surface [27]. The spectral broadening in the condensed-state certainly confirms that 
there is relatively noticeable broadening in the high wavelength region as compared to that of the 
monomeric absorption in the solution suggesting the formation of J-aggregates. Horiuchi et al also 
observed the similar kind of J-aggregate formation by the D-205 upon the surface of TiO2 [25].  
 
3.3.2 TCO-less BC-DSSC using cobalt electrolyte 
TCO-less BC-DSSC was fabricated according to the device configuration of Glass/D205/TiO2/SS-
mesh/Electrolyte/Pt/FTO as shown in the Fig. 3. Photovoltaic behaviors for the TCO-less BC-
DSSCs employing Co(bpy)2+/3+ based electrolyte after simulated solar irradiation of 100 mW/cm2 
have been shown in Fig. 5 along with the photovoltaic parameters given in the Table 1. The 
thickness of mesoporous TiO2 film coated onto the SS mesh/Ti was about 11 μm. The TCO-less 
BC-DSSC utilizing bare stainless metal mesh exhibits lower photovoltaic performance providing 
the short circuit current density (Jsc) of 2.58 mA/cm2, open circuit voltage (Voc) of 0.57 V, and 
fill factor (FF) of 0.45 yielding the external photoconversion efficiency (η) of 0.66%. This 
hampered photovoltaic behavior could be assigned to the large amount of current leakage which 
is definitely demonstrated by the dark current voltage (I-V) characteristics. The reason for this 
large charge recombination is supposed to occur between the electrons from bare metal mesh 
surface to the electrolyte as shown schematically in Fig. 6 (a). In fact, such a lower photovoltaic 
behavior for TCO-less DSSCs employing conductive metal mesh was demonstrated by Fan et al 
[7] and could also be assigned to the increased charge recombination for I-/I3- electrolyte. Yoshida 
et al [10] of our group observed that photoconversion efficiency was found to be increased when 
metal mesh was covered with a CRBL. A sputtered thin layer of Ti on both sides of the metal mesh 
as shown in the Fig. 6 (b) functions as a CRBL to suppress the back electron transfer from metal 
mesh to the redox species which is shown schematically in Fig. 6 (c). The photovoltaic behaviors 
for TCO-less BC-DSSCs utilizing metal mesh protected with a thin layer of Ti were also performed 
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and have also been shown in Fig. 5 along with the corresponding photovoltaic parameters listed in 















Fig. 5. Photovoltaic characteristics of TCO-less BC-DSSCs using metal mesh as working electrode 
under simulated solar irradiation [28].  
 
Table 1 Effect of SS-metal mesh surface treatment on the photovoltaic performance of TCO-less 
BC-DSSCs 
 
DSSC type/Parameters Jsc (mA/cm2) Voc (V) Fill factor (FF) Efficiency (%) 
DSSC without metal mesh 
protection 
2.58 0.57 0.45 0.66 
DSSC with Ti Protected 
metal mesh 
6.05 0.71 0.68 2.91 
 
remarkably increased when bare metal mesh was covered with a thin layer of Ti as compared to 
uncovered one leading to increase in the photoconversion efficiency from 0.66 % to 2.91 % [28]. 
The notably increase in Jsc, Voc and FF after a thin layer of Ti protection of the bare metal mesh 


















Fig. 6. Schematic representation of (a) electron recombination pathways in TCO-less BC-DSSCs, 
(b) fabrication of charge recombination blocking layer by sputtering of thin Ti layer on the both 
sides of SS-mesh and (c) suppression of recombination by protection of the metal mesh [28]. 
 
3.3.3 Photovoltaic performance of TCO-less and TCO-based 
DSSCs using cobalt electrolyte 
 
The photovoltaic behaviors of TCO-less BC-DSSC were compared with that of its TCO based 
DSSC counterparts fabricated under similar conditions. In case of the TCO based DSSC, a 
compact layer of TiO2 having thickness of 100 nm was coated by spray pyrolysis technique 
utilizing ethanolic solution of Titanium diisopropoxidebis(acetylacetonate) acting as a CRBL. The 
nanoporous TiO2 film thickness (about 11 μm), sensitizing dye (D-205) and dye adsorption time 
(16 hours) were kept fixed in both of the cases. Figure 7 shows the photovoltaic behaviors of TCO-
less BC-DSSC utilizing a thin layer of Ti protected SS-metal mesh as a flexible photoanode and 
that with TCO-based DSSC utilizing thin compact layer of TiO2 coated onto the FTO-glass surface 
acting as a blocking layer. The traditional TCO based DSSC comprising two TCO glasses exhibits 
a photoconversion efficiency of 4.02% (FF: 0.65, Voc: 0.75 V, Jsc: 8.28 mA/cm2), whereas the 
TCO-less BC-DSSC exhibits a photoconversion efficiency of 3.33% (FF: 0.68, Voc: 0.71 V, Jsc: 
6.88 mA/cm2), which is little less than that of the conventional DSSC comprising TCO. This little 
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less in efficiency was due to little decrease in the Jsc and Voc suggesting sputtered thin layer of Ti 














Fig. 7 Photovoltaic characteristics of TCO-less BC-DSSC and TCO-based DSSCs employing 
cobalt based electrolyte [28]. 
 
In fact, TCO-less BC-DSSC utilizing iodine based electrolyte (I-/I3-) has also been 
fabricated and corresponding photovoltaic behavior along with the photocurrent action spectra are 
shown in the Fig. 8. The device based on this iodine based electrolyte yielded the photoconversion 
efficiency of 4.14% having (FF: 0.75, Voc: 0.70 V, Jsc: 7.97 mA/cm2) and the observed Voc (0.70 
V) was almost the same as compared to the device utilizing Co(bpy) redox electrolyte, which was 
0.71 V. The redox energy level of Co(bpy) electrolyte is -5.0 eV, which is 0.13 eV deeper as 
compared to (I-/I3-) redox energy level (-4.87 eV) [17, 29] as shown in the energy diagram Fig. 9, 
indicating the possibility of obtaining relatively higher Voc for DSSC based on this cobalt based 
redox electrolyte. Nearly identical Voc obtained for both of the cobalt and iodine based electrolytes 
in the present case could be assigned to the relatively larger charge recombination between the 
back contacted metal electrode and cobalt complexes leading to the compensation of the advantage 


















Fig. 8 Photovoltaic characteristics of TCO-less BC-DSSC employing Indoline based D-205 dye 
and cobalt based electrolyte. Corresponding photocurrent action spectrum of the device is shown 
















Fig. 9. Energy band diagram for dye D-205 along with the energy levels of TiO2, iodine and cobalt 
redox electrolytes. 
 
In order to clarify the comparatively lower Jsc in TCO-less BC-DSSC as compared to its TCO 
based DSSC counterparts, photocurrent action spectra were also performed for TCO-less BC-
DSSC and TCO-based DSSC sensitized with D-205 dye utilizing [Co(bpy)3]3+/2+ redox electrolyte 
and the resulting IPCE spectra are shown in Fig. 10. The IPCE as a function of wavelength shows 
the identical spectral response with respect to electronic absorption spectra of dye adsorbed on 
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nanoporous TiO2 film as shown in the Fig. 4 confirming its origin from the photoexcited electron 
injection into conduction band of nanoporous TiO2. It is evident that the maximum of the IPCE for 
TCO-less BC-DSSC is slightly lower in the wavelength region 300-700 nm as compared to that of 
TCO based DSSC counterpart. This behavior is in agreement with the obtained I-V characteristics 
upon simulated solar irradiation (Fig. 7) and corroborates the reason behind the lower Jsc for TCO-
less BC-DSSCs as compared to that of TCO-based DSSC counterpart. 
It has been observed that use of (I-/I3-) electrolyte in case of TCO-less BC-DSSCs leads to 
the hampered photon harvesting (IPCE < 15 %, Fig. 9) in the lower wavelength region 300-400 
nm, because iodine electrolyte itself exhibits prominent absorption in this region causing 
appreciable photon loss, whereas use of Co(bpy) electrolyte shows much enhanced photon 














Fig. 10 Photocurrent action spectra for TCO-less BC-DSSCs and TCO-based DSSCs using cobalt 
based electrolyte [28]. 
  
absorption as compared to iodine based electrolyte. This evidently confirms the benefit of Co(bpy) 
electrolyte over iodine based electrolyte and suggests that by more optimization related to the  
control of charge recombination, the TCO-less BC-DSSCs utilizing cobalt based redox electrolyte 
are expected to perform better.   
Figure 11 exhibits the Nyquist plots for TCO-less BC-DSSC and TCO-based DSSC 
utilizing [Co(bpy)3]3+/2+ redox electrolyte. In general, the impedance spectrum exhibits three 
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semicircles in the frequency range from 5 mHz to 100 KHz [30-32]. The first semicircle is due to 
the impedance related to charge transfer process at the Pt counter electrode associated with the 
high frequency region. The second semicircle corresponds to the impedance related to the charge 
transport at the TiO2/dye/electrolyte interface associated with the mid frequency region. The third 
semicircle is assigned to the impedance related to ion diffusion within the electrolyte associated 
with the low frequency region. From the Fig. 11, it is evident that the impedance corresponds to 
charge transfer at the Pt counter electrode associated with the high frequency region is almost the 
same for both of the TCO-less BC-DSSCs and TCO-based DSSCs. The impedance related to 
charge transport at the TiO2/dye/electrolyte interface associated with the second semicircle for 














Fig. 11 EIS Nyquist plots (imaginary part vs. real part of impedance upon frequency sweep) for 
the TCO-less BC-DSSC and TCO-based DSSC based on Cobalt electrolyte [28]. 
 
Since the TiO2/dye/electrolyte interface is the same in both of the TCO-based DSSC and 
TCO-less BC-DSSC, this increase in resistance might be due to the oxidation of metal mesh during 
the sintering process [33].  Ti surface naturally gets oxidized to form thin TiO2 skin layer, which 
hampers charge recombination between Ti surface and Co redox species. By baking, the TiO2 layer 
gets even thicker and may slow down charge injection from porous TiO2 layer to Ti/stainless steel 
metal. The large impedance observed for the TCO-less BC-DSSC associated with the low 
frequency region suggests that ion diffusion is hampered as compared to TCO-based DSSC 




3.3.4 Effect of TiO2 layer thickness 
The thickness of nanoporous TiO2 layer plays a crucial role especially for DSSCs based on cobalt 
complex redox based electrolytes, since lower thickness offers diminished amount of dye 
molecules while higher thickness provides the diffusion limitation due to the relatively bulkier size 
of cobalt complexes based electrolytes. To optimize the photovoltaic behaviors of the TCO-less 
BC-DSSCs, the thickness of nanoporous TiO2 film coated onto the Ti-protected flexible SS-mesh 
based photoanodes was varied. The thickness of the coated TiO2 film was calculated from the 




















Fig. 12 Scanning electron microscope cross-sectional view of stainless steel metal mesh coated 
with nanoporous TiO2 having single layer (a) and (b), 2 layers (c) and 3 layers (d). Final thickness 
was estimated by taking the average on the same sample at 5 different places [28]. 
 
The photovoltaic behaviors of the TCO-less BC-DSSCs with thickness variation of TiO2 layer are 
shown in Fig. 13 along with the corresponding photovoltaic parameters given in the Table 2. Figure 
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14 shows the correlation between the thickness of the nanoporous TiO2 layer and the 
corresponding TCO-less BC-DSSC photoconversion efficiency. From this figure, it is obvious that 
efficiency initially increases with TiO2 layer thickness from 8 μm to 11 μm but decreases with 

















Fig. 13 Photovoltaic characteristics of TCO-less BC-DSSCs with varying thickness of nanoporous 
TiO2 layer coated on the Ti Protected SS-mesh photoanode under simulated solar irradiation of 
100 mW/cm2 [28]. 
 
Table 2 Photovoltaic parameters of Co(bpy) electrolyte based back contact TCO-less DSSCs using 
nanoporous TiO2 of varying thickness.  
 
Parameters/Thickness 9 μm 11 μm 18 μm 24 μm 
Efficiency [%] 2.15 2.92 2.50 1.04 
FF 0.62 0.65 0.66 0.55 
Voc[V] 0.68 0.70 0.68 0.63 
Jsc[mA/cm2] 5.04 6.40 5.65 3.01 
 
The optimum thickness of nanoporous TiO2 layer to produce efficient TCO-less BC-DSSC 
utilizing Co(bpy) electrolyte was found to be about 11 μm. The same trend of the efficiency was 
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followed by Jsc as shown in Fig. 13. The increase in the Jsc with the thickness up to the optimal 
thickness of 11 μm could be assigned to the enhanced amount of dye molecules on the TiO2 surface. 
On the other hand, the decrease in the Jsc with further increase in the thickness suggests that 
oxidized dye molecules are not effectively regenerated due to sluggish diffusion of Co3+ ions 















Fig. 14 Relationship between photoconversion efficiency and thickness of TiO2 layer for back 
contact TCO-less DSSCs using Co(bpy) electrolyte [28]. 
 
3.3.5 Efficiency enhancement by co-sensitization 
3.3.5.1 Absorption spectra of D-205, D-131 and their dye 
cocktail 
 
Figure 15 (a) and 15 (b) show the UV-vis. electronic absorption spectra of D-205, D-131, and dye 
cocktail ratio of (D-205: D-131(1:1)) in tert-butanol and acetonitrile (1/1, v/v) and on TiO2 thin 
film (4 μm), respectively. Dye D-205 exhibits absorption maximum (λmax) at 534 nm having molar 
extinction coefficient (ε) of 6.78×104 dm3mol-1cm-1. On the other hand, dye D-131 exhibits light 
absorption in the region from 400-500 nm with absorption maximum (λmax) at 453 nm having ε of 
3.16×104 dm3mol-1cm-1. From Figure 15 (a), it can be clearly seen that D-205 dye shows weak 
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absorption in the range from 400-500 nm. Both D-205 and D-131 show complementary absorption 
in the region 400-500 nm. The dye cocktail ratio of (D-205: D-131(1:1)) shows much improved 
absorption in the range 390-520 nm compared to D-205 dye alone exhibiting the possibility of 
improved photon harvesting by their dye cocktail system. The electronic absorption spectra of D-






















Fig. 15. Absorption spectra (normalized) of D-205, D-131, and their dye cocktail in solution (a) 
and thin film of the dyes adsorbed on nanoporous TiO2 (b). 
 
Fig. 15 (b). Dye D-205 on the surface of TiO2 film shows slight red shift of λmax at 538 nm with 
respect to that in solution due to moderate interaction between the dye molecules and surface of 





significant blue shift of λmax at 416 nm with respect to that in solution, which indicates that H 
aggregation occurs [35]. Upon co-sensitization with D-131 dye on TiO2 surface, the λmax of D-205 
is blue shifted to 534 nm compared to that of only D-205 on TiO2 film, but remains unchanged 
compared to that of D-205 in solution. 
 
3.3.5.2 Photovoltaic performance of dye-cocktail consisting of 
D-205 and D-131 
 
The current density-voltage (J-V) characteristics for TCO-less BC-DSSC sensitized by D-205, D-
131 and dye cocktail (D-205:D131=1:1) based on cobalt based electrolyte have been shown in the 
Fig. 16 and the corresponding photovoltaic parameters are listed in Table 3. The thickness of 
nanoporous TiO2 film coated onto the SS mesh was about 10 μm. From the comparable IPCE 
spectra as shown in the Fig. 17, it can be observed that Indoline dye D-205 shows hampered photon 
harvesting in the region from 370-520 nm. To enhance the photon harvesting in this region, we 














Fig. 16 Photovoltaic characteristics of TCO-less BC-DSSCs for photoanodes based on D-205, D-





Table 3 Photovoltaic parameters of the TCO-less BC-DSSCs employing D-205, D-131 and their 
dye cocktail. 
 
 D-205 D-131 D-205:D-131(1:1) 
Efficiency [%] 3.03 1.03 3.59 
Jsc [mA/cm2] 6.67 2.56 7.36 
Voc [V] 0.70 0.60 0.74 














Fig. 17. Photocurrent action spectra of TCO-less BC-DSSCs for D-205, D-131, and D-205/D-131 
co-sensitized nanoporous TiO2 films. 
 
When the dye cocktail of (D-205:D-131 = 1:1) was used, it shows significantly improved  photon 
harvesting in that region as well as improved photovoltaic behavior as shown in the Fig. 16. From 
Figure 16, we can see that D-205 dye sensitized TCO-less BC-DSSC gave photoconversion 
efficiency of 3.03% (Voc: 0.70 V, Jsc: 6.67 mA/cm2 and FF: 0.65). D-131 dye sensitized TCO-
less BC-DSSC yielded photoconversion efficiency of 1.03% (Voc: 0.60 V, Jsc: 2.56 mA/cm2 and 
FF: 0.67). Impressively, the co-sensitized (D-205:D-131 = 1:1) TCO-less BC-DSSC exhibited 
improved photoconversion efficiency of 3.59% (Voc: 0.74 V, Jsc: 7.36 mA/cm2 and FF: 0.66) as 
compared to the single dye counterparts. This improved photovoltaic performance could be 
attributed to the relatively enhanced Jsc (7.36 mA/cm2) accompanied with an increased Voc (0.74 
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V). The increase in Jsc is in accordance with the IPCE spectra as shown in the Fig. 17. The reason 
for obtaining higher Voc can be understood from the dark current as shown in the Fig. 15. The 
dark current is suppressed when the dye cocktail was used as compared to the individual dye alone, 
which enhances the open circuit voltage [36]. 
 
CONCLUSIONS 
TCO-less back contact DSSCs have been conveniently fabricated with nanoporous TiO2 layer 
coated onto the Ti-protected SS metal mesh stained with Indoline (D-205) dye as flexible 
photoanode and cobalt complex based redox electrolyte. Because of the bulkier size and slow ionic 
diffusion of [Co(bpy)3]3+/2+ species facilitating the charge recombination, surface protection of the 
flexible metal mesh substrate was found to be highly required for DSSCs utilizing cobalt complex 
based redox shuttle. TCO-less BC-DSSCs after surface protection of SS metal mesh by a thin layer 
of sputtered Ti acting as a charge recombination blocking layer based on [Co(bpy)3]3+/2+ redox 
electrolyte led to the drastic enhancement in the photoconversion efficiency from 0.66 % to 3.33 %. 
Enhanced photon harvesting (>40%) obtained by [Co(bpy)3]3+/2+ redox electrolyte in the lower 
wavelength region (300-400 nm) as compared to that of the traditional iodine based electrolyte 
(<15%) in TCO-less BC-DSSCs corroborates the beneficial role of cobalt complex based redox 
shuttles but requires even more strict control over charge recombination towards further 
improvement in the photoconversion efficiency. Co-sensitization of D-205 dye with D-131 dye 
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4. Transparent conductive oxide-less back contact dye-
sensitized solar cells using Zinc porphyrin dye 
employing cobalt complex redox shuttle 
 
(Contents of this chapter have been published in the Proceedings of the 40th IEEE Photovoltaic 
Specialists Conference (PVSC), 2014 (M. Z. Molla, S. S. Pandey, Y. Ogomi, T. Ma and S. Hayase, 
p. 1538-1542, DOI: 10.1109/PVSC.2014.6925209). The some materials of this chapter have been 
reproduced with the grateful acknowledgements of 40th IEEE Photovoltaic Specialists Conference 
(PVSC)). 
 
In this work, TCO-less dye-sensitized solar cells consisting of back-contacted stainless steel metal 
mesh electrode utilizing [Co(bpy)3]3+/2+ complex based redox electrolyte and porphyrin dye (YD2-
o-C8) as a sensitizer have been fabricated. Here, porphyrin sensitizer has been selected because of 
having large number of long alkyl chain which can passivate the TiO2 surface effectively to 
suppress the charge recombination between oxidized cobalt species and TiO2 conduction band 
electrons. In fact, in the TCO based DSSCs, this dye has been demonstrated to work efficiently 
with cobalt based redox shuttle. Moreover, YD2-o-C8 sensitizer can harvest photon over the whole 
visible region. Owing to relatively lower redox energy level for cobalt based electrolytes as 




For more than the last two decades, dye sensitized solar cells (DSSCs) have gained huge attentions 
due to their low-priced, simple fabrication and relatively high energy conversion efficiency after 
the work by Regan and Grätzel [1]. However, for commercialization of DSSCs, further 
minimization of manufacturing cost as well as enhancement in the photoconversion efficiency are 
unavoidable. Usually in fabricating DSSC, a nanoporous TiO2 layer is screen-printed onto the 
transparent conductive oxide (TCO) layer such as fluorine (F)-doped tin-oxide (FTO) glass, which 
is one of the expensive components of the DSSCs [2]. In the conventional fabrication of DSSCs, 
two FTO glasses are used and are supposed to provide a cost burden of >20% of the total cost of 
the DSSCs [3]. TCO-less back contact (BC) DSSC device architecture utilizing protected flexible 
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metal photoanode employing I3-/I- redox species and ruthenium based sensitizer has already been 
demonstrated by our group [4] and the demonstrated photoconversion efficiency was 5.56% 
having open-circuit voltage (Voc) of 0.72 V, short-circuit photocurrent density (Jsc) of 12.26 
mA/cm2 and fill factor (FF) of 0.63.  
 
 Increasing the Voc up to its theoretical limit is one of the crucial aspects to increase the overall 
efficiency attempted in this thesis work. In the recent past, a very high Voc (>1.0 V) has been 
reported employing cobalt complex as redox mediator instead of commonly used I3-/I- redox 
species for conventional DSSCs fabricated on TCO-layered glasses (TCO-DSSCs) [5]. One of the 
drawbacks for TCO-less BC-DSSCs is that always an extra electrolyte layer exists between the 
cover glass and the back contacted photoanode, because the photoanode is simply placed between 
the outermost cover glass and a porous polymer sheet soaked with electrolyte. The incident light 
passes through the electrolyte layer and excites the sensitizing dye molecules attached to the 
nanoporous TiO2 film. Most extensively utilized electrolyte consisting of I3-/I- redox couple 
possesses large optical absorption in the region 330-460 nm. Thus iodine electrolyte itself filters 
the significant amount of light causing appreciable photon loss before the incident light gets to the 
dye monolayer layers for photon harvesting. Redox electrolytes based on cobalt complexes are 
comparatively less colored, less corrosive and exhibit comparatively more positive redox potential 
to produce higher open circuit voltage as compared to frequently utilized iodine based rodox 
electrolyte and have attracted the attention of material scientists in cobalt complexes based 
electrolytes as a legitimate alternative to the commonly utilized I3-/I- redox shuttle.  
 
 In this work, a TCO-less BC-DSSC employing effective photon harvesting zinc porphyrin 
(coded with YD2-o-C8) sensitizer based on [Co(bpy)3]3+/2+ based redox electrolyte is fabricated 
along with its photovoltaic characterization. To provide higher efficiency for DSSC, a sensitizing 
dye must harvest as much incident photon as possible in the wide wavelength region. In general, 
covering a wide wavelength photon harvesting by a single organic dye is difficult and leads to the 
implementation of dye cocktail of two or more dyes to attain this goal. In spite of having the 
impressive photon harvesting properties, the YD2-o-C8 dye in the visible and red region of the 
absorption spectrum shows weak absorption in the range from 480-630 nm. Therefore, the co-
sensitization technique was applied to fill this gap in the light harvesting [6-10]. In this case, we 
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used an organic dye coded Y123 as a co-sensitizer that possesses the complementary absorption 
spectrum to YD2-o-C8. 
 
4.2 EXPERIMENTAL 
4.2.1 Materials and methods 
All the chemicals utilized in this work were purchased and utilized without any modification. The 
cobalt (II/III) complexes were synthesized according to the method reported in our published 
article [11]. YD2-o-C8 dye was obtained from Everlight Chemical Co. Ltd, Taiwan. Organic dye 
Y123 was obtained from Dyenamo, Sweden. The structures of sensitizing dyes YD2-o-C8, Y123 
and synthesized cobalt (II/III) complexes have been shown in the Fig. 1 (a), 1(b), and 1 (c), 
respectively. Absorption spectra of the dye in solution and thin film adsorbed on the nanoporous 
TiO2 were performed employing UV-visible spectrophotometer (JASCO, model V550). 
Electrochemical impedance spectroscopy (EIS) investigations were performed with a frequency 
response analyzer (Solartron Analytical, 1255B) attached to a Potentiostat (Solartron Analytical, 
1287) under illumination and 2 mA constant current condition employing a Yamashita Denso 
YSS-50A solar simulator. EIS analyses were carried out in the frequency range from 5× 10-3 – 105 
Hz at room temperature. The EIS spectra were investigated employing Z-View software (Solartron 
Analytical). The thickness of the nanoporous TiO2 layer screen-printed onto the Ti-protected metal 
mesh was calculated from cross-sectional view utilizing scanning electron microscope (SEM) 
NeoScope JCM-6000. Photovoltaic characteristics were performed utilizing a solar simulator 
(CEP-2000 Bunko Keiki Co. Ltd, Japan) attached to a xenon lamp (Bunko Keiki BSO-X150LC) 
at 100 mW/cm2, AM 1.5. The solar simulator light power was adjusted with an amorphous Si 
photodetector (Bunko Keiki BS-520 S/N 353) having visible light sensitivity identical to that of 
the DSSC. To evaluate the solar cell characteristics, the cell area was perfectly fixed employing a 
black metal mask having area of 0.2025 cm2. 
 
4.2.2 TCO-less DSSC fabrication  
TCO-less BC-DSSC was fabricated utilizing a flexible stainless steel (SS) mesh (wire diameter 13 
μm and the space between the wire 13 μm), which acts not only as a conducting current collecting 
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metal grid but also as a support of the nanoporous TiO2 layer. The mesh was first washed with 
isopropanol and then dried followed by sputtering a thin layer of Ti metal (300 nm; Ti/SS mesh) 
employing a sputtering apparatus (CFS-4EP-LL, Shibaura Mechatronics, Japan). The nanoporous 
TiO2 (30 nm, JGC Catalysts and Chemicals Ltd., Japan) paste was screen-printed onto the Ti/SS 
mesh by screen printing technique followed by firing at 450°C for 30 min. This TiO2 screen-
printed Ti/SS mesh was then dipped into the 0.2 mM solution of YD2-o-C8 dye in ethanol. After 
optimum dye adsorption for 16 hours at room temperature, the photoanode was washed with the 
same solvent to remove the extra dye. Solution of 0.1 mM organic Y123 dye was made in ethanol. 
For co-sensitization, dye solutions with the molar ratios of (YD2-o-C8:Y123 = 4:1, 1:1, 1:4) were 
prepared by mixing different volumes of the individual dye solutions, keeping the same 













Fig. 1. Molecular structure of sensitizing YD2-o-C8 dye, Y123 dye and cobalt redox species 
utilized in the present investigation. 
 
A thin layer (60 nm) of Pt metal was sputtered onto the FTO-glass substrate and utilized as a 
counter electrode. A 35 μm thick porous polymer polytetrafluoroethylene (PTFE) film (pore size 
0.1 μm) was placed between the flexible photoanode and the Pt counter electrode to absorb the 
electrolyte solution as well as to avoid short-circuiting between them. Cobalt based redox 
electrolyte utilized in the present investigation consisted of Co (II) complex (0.22 M), Co (III) 
complex (0.033 M), tertiary butyl pyridine (TBP) (0.20 M) and LiClO4 (0.1 M) in acetonitrile, 
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while iodine based electrolyte consisted of LiI (0.5 M), I2 (0.05 M), TBP (0.58 M), ethyl-methyl-
imidazoliumdicyanoimide (0.6 M) in acetonitrile. A transparent slide glass was placed over the 
dye-stained flexible photoanode to hold it. The structural schematic diagram of the TCO-less BC-



















Fig. 2 Device structure of TCO-less back contact DSSC [15]. 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Electronic absorption spectra 
Figure 3(a) and 3(b) show the absorption spectra of YD2-o-C8, co-sensitizing organic dye Y123 
and their dye cocktails having different molar ratios of (YD2-o-C8:Y123 = 4:1; 1:1; 1:4) in the 
ethanol solution and thin film adsorbed on the nanoporous TiO2 (4 μm), respectively. The YD2-o-
C8 dye exhibits absorption maxima (λmax) in the region from 400-480 nm and 550-700 nm, 
corresponding to the Soret and Q-bands, respectively. On the other hand, Y123 exhibits relatively 
broader light absorption in the wavelength region of 380-570 nm with λmax at 478 nm having molar 
extinction coefficient (ε) of 3.0×104 dm3.mol-1.cm-1. This provides the complementary light 
absorption in the range of 500-570 nm with respect to the YD2-o-C8 dye having the λmax at 643 
nm with the ε of 1.70×104 dm3.mol-1.cm-1 corresponding to the Q-band.  
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Upon adsorption on to the surface of nanoporous TiO2, YD2-o-C8 dye exhibits slight blue 
shift of Soret and Q bands appearing at 435 nm and 640 nm, respectively with spectral broadening. 
On the other hand, the Y123 dye exhibits slight bathochromic shift of the λmax peaking at 481 nm 






















Fig. 3 Electronic absorption spectra of YD2-o-C8, Y123, and dye cocktails in different molar ratios 
in solution (a) and thin film of the dyes adsorbed on nanoporous TiO2 (b). 
 
in the dye cocktail although leads to the increase in absorption of the light in the wavelength region 
of 460-610 nm but at the same time Q-band absorption of YD2-o-C8 starts decreasing. Therefore, 
it seems that use of dye cocktails in the ratios of (YD2-o-C8:Y123 = 4:1 and 1:1) seems to provide 
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relatively better complementary light absorption properties without the serious loss of light 
absorption by Q-band of YD2-o-C8. 
 
4.3.2 TCO-less DSSC using cobalt electrolyte 
TCO-less BC-DSSC was fabricated in the device architecture of Glass/Dye-TiO2-Stainless Steel 
Mesh/ Electrolyte/Pt/FTO/Glass as shown in the Fig. 2. Photovoltaic behaviors for TCO-less BC-
DSSC based on cobalt based electrolyte have been shown in Fig. 4. The thickness of nanoporous 
TiO2 film coated onto the metal mesh was about 10 μm. It can be clearly observed that the 
photovoltaic performance of TCO-less BC-DSSC using bare SS-mesh (dotted line) is lower having 
Jsc of 6.67 mA/cm2, Voc of 0.77 V and FF of 0.61 yielding the external photoconversion efficiency 
of 3.12%. This hampered photovoltaic performance could be assigned to the charge recombination 
associated with the back electron transfer, which can be explained by differential leakage in the 
dark I-V characteristics as shown in the Fig. 4. The reason of this recombination is supposed to 
take place between the electrons from metal mesh surface and conduction band of TiO2 














Fig. 4. Photovoltaic characteristics of TCO-less BC-DSSC using metal mesh and Ti sputtered 
metal mesh as a back contact electrode employing cobalt electrolyte [15]. 
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It has already been demonstrated that as compared to iodine based electrolyte, cobalt based 
redox species are relatively more prone to recombination with conducting substrates [14]. It has 
also been demonstrated by our group that photoconversion efficiency was found to be enhanced 
when a charge recombination blocking layer (CRBL) was employed on both sides of the metal 
mesh [4]. A thin layer of Ti metal (300 nm) sputtered on both sides of the metal mesh [15] acts as 
a CRBL to retard the back electron transfer from metal mesh surface to the oxidized species of 
redox mediator. The photoconversion efficiency for TCO-less BC-DSSCs utilizing a thin layer of 
Ti protected metal mesh acting as CRBL (solid line) was found to be 4.53% (FF: 0.64, Voc: 0.82 
V, Jsc: 8.60 mA/cm2) as shown in the Fig. 4. This figure definitely confirms that all the 
photovoltaic parameters are improved when the bare metal mesh was covered with a thin layer of 
Ti as compared to the bare one providing increase in the photoconversion efficiency from 3.12% 
to 4.53%. The suppressed back electron transfer as evidenced by the dark I-V characteristics is 
responsible for obtaining improved Jsc, Voc, and FF when the bare metal mesh is protected by a 
thin layer of Ti metal. 
 
4.3.3 Effect of pore size of PTFE film containing electrolyte 
It has already been demonstrated that cobalt complex based redox species show relatively sluggish 
ionic diffusion as compared to that of the iodine based one owing to their bulkier size [16]. In order 
to increase the ion diffusion of cobalt species owing to their bulkier size and slow ionic diffusion 
through the electrolyte absorbing layer, PTFE film with bigger pore size of 0.2 μm was utilized. 
Figure 5 exhibits the photovoltaic characteristics of TCO-less BC-DSSCs utilizing PTFE film with 
pore size of 0.1 μm and 0.2 μm, respectively utilizing [Co(bpy)3]3+/2+ complex redox electrolyte. 
The device utilizing PTFE film with pore size of 0.1 μm gives 4.48% efficiency (Jsc: 8.32 mA/cm2, 
Voc: 0.81V, FF: 0.66), whereas the device utilizing PTFE film with bigger pore size of 0.2 μm 
gives 4.89% efficiency (Jsc: 9.82 mA/cm2, Voc: 0.81V, FF: 0.61). It is obvious that increase in the 
Jsc of 1.5 mA/cm2 has been brought about by utilizing PTFE film with bigger pore size of 0.2 μm 















Fig. 5. Photovoltaic characteristics of TCO-less BC-DSSCs employing different pore size of 
electrolyte absorbing layer (PTFE film) [15]. 
 
In order to prove the obtained higher Jsc value by utilizing PTFE film with bigger pore of 
0.2 μm, the EIS measurements were performed. Figure 6 exhibits the Nyquist plots for TCO-less 
BC-DSSCs utilizing PTFE film with pore size of 0.1 μm and 0.2 μm, respectively based on 











Fig. 6. EIS Niquist plots for TCO-less BC-DSSCs using PTFE film having different pore size 




semicircles in the frequency range 5×10-3 - 1×105 Hz [17-19]. The Figure 6 definitely shows that 
the impedance associated with the charge transfer at the Pt counter electrode in the high frequency 
region is almost similar for TCO-less BC-DSSCs utilizing different pore size of electrolyte 
absorbing layer. The impedance associated with the charge transport at the TiO2/dye/electrolyte 
interface related to the second semicircle for TCO-less BC-DSSCs is also almost identical 
employing different pore size of the PTFE film of electrolyte absorbing layer. 
 
The relatively lower resistance obtained in the low frequency region for the TCO-less BC-
DSSC employing PTFE film with larger pore of 0.2 μm suggests that ion diffusion is enhanced 
through the porous polymer film and subsequently dye regeneration also increases, which is 
responsible for obtaining relatively higher Jsc as well as higher efficiency as compared to the TCO-
less BC-DSSC utilizing PTFE film with smaller pore of 0.1 μm. 
 
4.3.4 Effect of nature of electrolytes 
Figure 7 exhibits the photovoltaic behaviors for TCO-less BC-DSSCs sensitized with YD2-o-C8 
dye based on [Co(bpy)3]3+/2+ and I3-/I-  based redox shuttles. The nanoporous TiO2 film thickness 
was about 10 μm in both of the cases. The photoconversion efficiency of TCO-less BC-DSSCs 
employing cobalt electrolyte was found to be 4.55% (FF: 0.63, Voc: 0.83 V, Jsc: 8.67 mA/cm2) 
and that of the iodine one was found to be 3.05% (FF: 0.68, Voc: 0.74 V, Jsc: 6.06 mA/cm2). 
Hence, the above results suggest that the photovoltaic performance of devices based on 
[Co(bpy)3]3+/2+ redox mediator outperforms the I-/I3- based redox shuttle. Voc of the DSSCs is 
basically determined by difference in energy level between quasi Fermi level of TiO2 and energy 
level of the redox electrolyte. It increases with the more positive redox energy level of the 
electrolyte [20] provided that losses related to charge recombination are being controlled strictly. 
Observed Voc followed the same trend in the present case taking the redox potential of the iodine 














Fig. 7 Effect of nature of electrolytes on the photovoltaic characteristics of TCO-less BC-DSSCs 
after simulated solar irradiation [15]. 
 
The incident photon to current conversion efficiency (IPCE) as a function of wavelength 
was also performed for TCO-less BC-DSSCs sensitized with YD2-o-C8 sensitizer utilizing 
[Co(bpy)3]3+/2+ and I3-/I-  based redox electrolytes and corresponding photocurrent action spectra 
are shown in Fig. 8. Figure 8 evidently suggests that use of iodine based electrolyte exhibits 
hampered photon harvesting in the wavelength region from 330-460 nm owing to the absorption 
of incident photons by the electrolyte itself, because iodine based electrolyte exhibits pronounced 
optical absorption in the lower wavelength region from 330-460 nm as shown inset in Fig. 8. In 
fact, Topic et al [22] have also reported that in the wavelength range of 370-450 nm, a significant 
amount of the incident light is filtered by the iodine based electrolyte itself. On the other hand, 
utilization of cobalt complex based redox electrolyte shows much improved photon harvesting in 
this region because of its low optical absorption, which is clearly reflected in the obtained and 


















Fig. 8. Photocurrent action spectra of TCO-less BC-DSSCs employing cobalt and iodine 
electrolyte [15]. 
 
4.3.5 Enhancement in photovoltaic behavior by co-
sensitization 
 
From the photocurrent action spectra as shown in Fig. 10, it can be seen that YD2-o-C8 dye shows 
impressive photon harvesting over the whole visible region, except in the range from 480-630 nm. 
To improve the photon harvesting in this region, organic dye Y123 was used as a co-sensitizer 
which possesses the complementary absorption with the porphyrin dye YD2-o-C8.  Sensitizer 
Y123 shows absorption maximum at 478 nm in ethanol which coincides with the minimum in the 
IPCE spectrum of YD2-o-C8. Figure 9 exhibits the photovoltaic characteristics of the TCO-less 
BC-DSSCs stained with the respective dyes along with their dye cocktails. At the same time, 
corresponding photovoltaic parameters are shown in the Table 1. From the Fig. 9 and Table 1, it 
can be seen that all of the devices based on co-sensitization exhibit improved photovoltaic behavior 
as compared to the individual dyes. The best photoconversion efficiency of 5.25% (Jsc: 8.78 
mA/cm2, Voc: 0.88 V, FF: 0.68) was found for the TCO-less BC-DSSC with the co-sensitizer 

















Fig. 9. Photovoltaic characteristics of TCO-less BC-DSSCs for photoanodes based on YD2-o-C8, 
Y123, and YD2-o-C8/Y123 co-sensitized nanoporous TiO2 films. 
 
Table 1 Photovoltaic parameters of the TCO-less BC-DSSCs employing YD2-o-C8, Y123 and 
their different dye cocktails. 
 
 
(YD2-o-C8 : Y123) (0:1) (1:1) (1:4) (4:1) (1:0) 
Efficiency[%] 4.50 5.01 4.94 5.25 4.32 
FF 0.65 0.68 0.69 0.68 0.63 
Voc[V] 0.89 0.89 0.89 0.88 0.80 
Jsc[mA/cm
2
] 7.78 8.26 8.04 8.78 8.67 
 
Increased Jsc, Voc and FF are responsible for achieving this higher photoconversion 
efficiency at this molar ratio of (YD2-o-C8:Y123 = 4:1) as compared to respective single dyes. It 
can be seen that the increase in the Jsc for the dye cocktails was not very much affected which was 
well reflected in the photocurrent action spectra as shown in the Fig. 10. From this figure, we can 
see that although the co-sensitizer Y123 enhances the photon harvesting in the range from 460-
76 
 
610 nm, there is a decrease in photon harvesting in the range from 610-730 nm. This could be 
attributed to the occupation of nanoporous TiO2 by Y123 co-sensitizer decreasing the available 
fraction of YD2-o-C8 on the nanoporous TiO2 surface leading to the decreased photon harvesting 














Fig. 10. Photocurrent action spectra of TCO-less BC-DSSCs for YD2-o-C8, Y123, and YD2-o-
C8/Y123 co-sensitized nanoporous TiO2 films. 
 
When the dye-cocktails in the molar ratios of (YD2-o-C8:Y123 = 1:1, 1:4) were employed, 
the Jsc was found to be decreased as compared to that of the YD2-o-C8 dye alone which were also 
in accordance with the action spectra shown in the Fig. 10. Interestingly, it was observed that there 
is a sharp increase in open circuit voltage (Voc) from 0.8 V to ~0.89 V when co-sensitizer Y123 
was employed in the dye cocktail. The dark current as shown in the inset of Fig. 9 by the Y123 
dye and the dye cocktail was suppressed very much as compared to the YD2-o-C8 dye alone. It 
can also be observed that when the amount of Y123 dye in dye cocktail was decreased up to 20% 
in the molar ratio of (YD2-o-C8:Y123 = 4:1), it shows lower dark current compared with the YD2-
o-C8 alone, which indicates that the Y123 dye acts not only as a co-sensitizer but also suppresses 
the back electron transfer from the conduction band of TiO2 to the redox electrolyte, which 





TCO-less back contact DSSCs have been conveniently fabricated with nanoporous TiO2 screen-
printed onto the surface of the protected stainless steel metal mesh stained with dyes YD2-o-C8, 
Y123 and their dye cocktails employing [Co(bpy)3]3+/2+  redox electrolyte. Because of the large 
and bulkier size of the [Co(bpy)3]3+/2+ species promoting the charge recombination, surface 
passivation of the substrate was proven to be necessary for DSSCs employing cobalt based redox 
mediator. Surface passivation of the stainless steel metal mesh by a thin layer of sputtered-Ti 
working as CRBL provided the improvement in the photoconversion efficiency from 3.12% to 
4.53%. When the pore size of the electrolyte absorbing layer (PTFE film) was increased from 0.1 
μm to 0.2 μm, the efficiency was found to be increased even further to 4.89% due to the better 
ionic diffusion of [Co(bpy)3]3+/2+ redox species. Large optical losses in the range of 330-460 nm, 
which decreased the Jsc of TCO-less BC-DSSC based on iodine electrolyte was not observed in 
case of cobalt based electrolyte. Co-sensitization of YD2-o-C8 with Y123 dye led to even further 
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5. TCO-less DSSCs based on cobalt electrolyte 
employing nanoporous TiO2 film used as an electrolyte 
absorbing layer 
 
In this chapter a novel strategy of reduction of electrolyte layer has been demonstrated by coating 
TiO2 nanoparticles with controlled thickness on the platinized TCO counter electrode. Negatively 
charged TiO2 surface was found to retard the diffusion of positively charged cobalt species through 
TiO2 nanopores due to electrostatic interactions leading to hampered photoconversion efficiency. 
This sluggish diffusion of bulky cobalt ions of electrolyte was amicably facilitated by passivating 
the negatively charged TiO2 surface with dye-sensitizers on the counter electrode working as an 
electrolyte absorbing layer. TCO-less BC-DSSC in combination with cobalt electrolyte fabricated 
in this novel device architecture exhibits much improved photoconversion efficiency of 6.42 % 
after effective surface passivation of negatively charged TiO2 nanoparticles coated on counter 
electrode by porphyrin based dye YD2-o-C8. 
 
5.1 INTRODUCTION 
Dye-sensitized solar cells based on low-cost materials and easy fabrication process make them 
promising alternative to the current solid state p-n junction solar cells [1]. However, it has been 
realized that further cost reduction could be brought about by utilizing flexible substrates which 
permit roll-to-roll mas production [2-4]. Kroon et al. reported that two TCO glasses being used in 
the conventional DSSCs provide a cost burden of >20% of the total cost of the DSSCs [5]. Hence, 
in order to make the DSSCs more cost-effective, our group has attempted to fabricate the TCO-
less back contact (BC)-DSSC structure utilizing the flexible metal mesh as a photoanode in 
combination with I3-/I- redox mediator and ruthenium based sensitizer with the external power 
conversion efficiency of 5.56 % under simulated solar irradiation [6].  
 
For more than the two decades, I3-/I- redox couple has been extensively utilized in dye-
sensitized solar cells owing to its fast dye regeneration and slow recombination [7]. However,    I3-
/I- redox couple has some limitations like (i) partial visible light absorption by triiodide itself, 
which causes the optical losses especially in back contact DSSC architecture, (ii) it exhibits 
aggressive nature toward the silver collecting grid, and (iii) it requires large over potential for dye-
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regeneration and ultimately raised the query for alternate redox mediators [8-10]. In the recent past, 
several alternative redox mediators have been examined, such as cobalt based redox couple [10-
16], TEMPO [17], ferrocene [18], disulphide/thiolate redox couple [19], nickel bis(dicarbollide) 
[18], etc. Amongst them, redox mediators based on cobalt complex have received great attention 
because of their weak visible light absorption, less corrosiveness toward the metal grid, and more 
positive redox potential to produce higher open-circuit potential [10-16]. Grätzel and co-workers 
reported a record photoconversion efficiency assisted by very high open circuit voltage (Voc) of 
0.96 V for DSSC combining novel porphyrin sensitizer along with cobalt based redox mediator 
[21]. However, cobalt based redox mediator possesses some drawbacks, such as it shows 
comparatively faster recombination with the conduction band electrons in mesoporous TiO2 and 
sluggish dye regeneration [10, 12, 22]. Various approaches have been investigated to minimize the 
recombination by passivating the TiO2 surface using atomic layer deposition (ALD) of thin 
insulating metal oxide [12, 23-25].  
 
The mass transport problems of Co2+/3+ species were first introduced by Nusbaumer et al. 
in 2001 [10] and observed lower photocurrents at higher light intensities and about three times 
lower bulk diffusion coefficient as compared to that of I3- [26]. Nelson et al. reported that the 
diffusion of Co2+/3+ species through the mesoporous TiO2 is even more hampered, which is almost 
one order of magnitude slower than that of I3- [26]. This notable difference was due to the large 
and bulky size of the Co2+/3+ species and the electrostatic binding of the positively charged Co2+/3+ 
species with the negatively charged TiO2 surface [26]. The mass transport problems of cobalt redox 
mediators in the pores of the mesoporous TiO2 of photoanode have been significantly improved 
by optimizing the porosity and pore size of mesoporous TiO2 by Park and co-workers [27]. 
Recently, Grätzel and co-worker used mesoporous TiO2 beads which offer high surface area, good 
scattering properties and high porosity to diminish the ionic diffusion of cobalt-based redox 
mediators [28]. 
 
In attempt to make DSSCs more cost-effective, we have already reported a TCO-less back 
contact (BC) DSSC based on cobalt redox mediator employing porphyrin sensitizer with external 
photoconversion efficiency of 4.84 % [29]. In the TCO-less BC-DSSCs, dye monolayer is 
adsorbed on the high internal surface area of a mesoporous TiO2 film coated onto the flexible metal 
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mesh. This metal mesh is placed over the porous polymer sheet (PTFE film; thickness:35 μm), 
which absorbs the liquid electrolyte as well as avoids short-circuiting between the flexible 
photoanode and Pt counter electrode over which it is placed. The liquid electrolyte layer fills the 
pores of the electrode as well as the pores of PTFE film and reduces the oxidized dye after photo 
induced electron injection into TiO2 conduction band and finally, oxidized species of the 
electrolyte travel towards the counter electrode to get reduced. In our TCO-less BC-DSSCs device 
architecture, we realized that thickness of porous polymer film (35 μm) was very high which 
hampers the facile diffusion of Co2+/3+ species to produce higher photoconversion efficiency. In 
order to enhance the diffusion of Co2+/3+ species by reducing the thickness of the electrolyte 
absorbing layer, a new strategy was attempted in this work by utilizing the porous TiO2 
nanoparticles coated on platinized conducting glass instead of PTFE film for the first time. 
 
 Since TiO2 nanoparticles bear negative surface charge and offer attractive interaction with 
positively charged cobalt species of the electrolyte hampering the ionic diffusion. To circumvent 
this problem, attempts have been made to passivate this positive surface charge by adsorbing with 
dye monolayer on the TiO2 coated on the counter electrode.  In this chapter, TCO-less BC-DSSCs 
using TiO2 nanomaterials as an electrolyte absorbing layer stained with the different dyes to cover 
the bare TiO2 surface to avoid the possible electrostatic interaction between negatively charged 
TiO2 surface and positively charged Co2+/3+ species to facilitate the diffusion of Co2+/3+ species 
have been investigated.  In this work, the dye cocktail of (YD2-o-C8:Y123 = 4:1) was utilized as 
a sensitizer, which harvests photon efficiently throughout the whole visible spectrum for preparing 
the flexible photoanode. The details about this dye cocktail ratio and its optimization have already 
been described in previous chapter 4.  
 
5.2 EXPERIMENTAL 
5.2.1 Materials and methods 
All the chemicals were purchased from commercially available sources and utilized as received. 
The Co(bpy)2+/3+ species were prepared as per our earlier publication [30]. Ti-Nanoxide (particle 
size 30 nm) PST-30NRT paste was purchased from JGC Catalysts and Chemicals Ltd., Japan. 
YD2-o-C8 and WMC273 dye were purchased from Everlight Chemical Co. Ltd, Taiwan. Organic 
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dye Y123 was purchased from Dyenamo, Sweden. Indoline dye D131 was purchased from 
Mitsubishi Paper Mills Co. Ltd., Japan. The porous polymer sheet polytetrafluoroethylene film 
(PTFE; H010A293D, thickness: 35 μm, pore: 0.1 μm) was purchased from ADVANTEC, Japan. 
The molecular structures of sensitizing dyes YD2-o-C8, Y123, WMC273, D131, and Co 
complexes used in this work are shown in the Fig. 1. Stainless steel (SS) mesh (SUS-730; wire 
diameter: 13 μm, the space between the wires: 16 μm) was purchased from Asada mesh Co., Ltd., 
Japan. Electrochemical impedance spectroscopy (EIS) measurements were performed with a 
frequency response analyser (Solartron Analytical, 1255B) connected to a Potentiostat (Solartron 
Analytical, 1287) under illumination and 2 mA constant current condition employing a Yamashita 
Denso YSS-50A solar simulator in the frequency range 0.005 – 100000 Hz at room temperature. 
The electrical impedance spectra were analyzed using Z-View software (Solartron Analytical). 
Cyclic voltammetry was performed on an Automatic Polarization System (HSV-100, Hakuto 
Denko, Japan) employing a three electrode setup consisting of a Pt working electrode, nanoporous 
TiO2 coated Pt as a counter electrode, and a Ag/AgCl reference electrode in order to investigate 
the diffusion of cobalt species. The area of the nanoporous TiO2 film coated onto the Pt substrate 
was 1 cm2. The distance between the TiO2 coated Pt counter electrode and Pt working electrode 
was kept fixed at 2 cm. The electrolyte solution consisted of 2.2 mM Co(II), and 100 mM TBAPF6 
in acetonitrile. The scan rates was varied from 10 mV s-1 - 80 mV s-1 during the CV measurement. 
Thickness of the nanoporous TiO2 film screen-printed onto the Pt counter electrode was calculated 
using Dektak 6M (stylus profiler). The thickness of the nanoporous TiO2 layer screen-printed onto 
the Ti-protected metal mesh was calculated from cross-sectional view employing scanning 





Fig. 1. Molecular structure of D131, YD2-o-C8, WMC273, Y123, and [Co(bpy)3]2+/3+ used in this 
work. 
 
5.2.2 TCO-less BC-DSSC fabrication  
TCO-less BC-DSSC was fabricated using the SS mesh which functions as a working electrode. 
We have already discussed in our previous chapter 3 that the protection of bare metal mesh is 
highly needed to improve the photovoltaic performances of the devices especially based on cobalt 
based redox mediator [29]. For this, a thin layer (300 nm) of Ti metal (SS mesh/Ti) was sputtered 
on both sides of the metal mesh employing a sputtering apparatus (CFS-4EP-LL, Shibaura 
Mechatronics, Japan). The nanoporous TiO2 (30 nm) paste was coated onto the SS mesh/Ti by 
screen-printing method followed by heating at 450 °C for 30 min. The TiO2 coated SS mesh/Ti 
was then dipped into the dye cocktail of (YD2-o-C8:Y123 = 4:1) made from 0.2 mM YD2-o-C8 
and 0.1 mM Y123 in ethanol at room temperature for 16 h. After the dye adsorption, the TCO-less 
flexible photoanode was rinsed with the same solvent to remove the un-adsorbed dye. Pt (60 nm) 
was sputtered onto the FTO-glass substrate employing the same sputtering apparatus and used as 
a counter electrode. The same nanoporous TiO2 (30 nm) paste was screen-printed onto the Pt 
counter electrode to soak the electrolyte solution. For reference cell, a 35 μm thick porous PTFE 
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film as discussed in the previous chapter was placed over the Pt counter electrode to absorb the 
electrolyte solution. Cobalt based electrolyte solution utilized in the present work consisted of 
Co(bpy) (II) complex (0.22 M), Co(bpy) (III) complex (0.033 M), tertiary butyl pyridine (TBP) 
(0.20 M) and LiClO4 (0.1 M) in acetonitrile. To assemble the device, a flexible SS 
mesh/Ti/TiO2/dye-photoanode was placed over the nanoporous TiO2 coated Pt counter electrode. 
A transparent slide glass was placed over the flexible SS mesh/Ti/TiO2/dye-photoanode to hold it. 
Cobalt based electrolyte was injected by capillary tube. Finally, the device was sealed properly by 
using epoxy resin. The whole device fabrication process is schematically shown in the Fig. 2 along 
with the actual device photograph. The cross-sectional schematic diagram of the TCO-less BC-










Fig. 3. Schematic cross-sectional view of TCO-less BC-DSSCs using nanoporous TiO2 (a) and 
porous PTFE film (b) as electrolyte absorbing layer. 
 
5.2.3 Photovoltaic characterization 
Photovoltaic characteristics of the TCO-less BC-DSSCs fabricated in this work were measured by 
solar simulator (CEP-2000 Bunko Keiki Co. Ltd, Japan) connected with a xenon lamp (Bunko 
Keiki BSO-X150LC) at 100 mW/cm2 under AM 1.5 conditions. The power of the light exposure 
from the solar simulator was fixed with an amorphous Si photodetector (Bunko Keiki BS-520 S/N 
353) to avoid the discrepancy between the calibrated photodiode and the TCO-less BC-DSSCs. 
To measure the photovoltaic performances, cell area was precisely controlled using a 0.2025 cm2 
black metal mask. 
 
5.3 Results and Discussion 
5.3.1 Photovoltaic performance of TCO-less BC-DSSCs using 
nanoporous TiO2 and PTFE film as an electrolyte absorbing 
layer 
 
The device configuration of the TCO-less BC-DSSCs used in this experiment is 
Glass/Dye/TiO2/Ti protected SS mesh/ Electrolyte/Pt/FTO/Glass as shown in the Fig. 3. The 
photocurrent density-voltage (J-V) curves for the TCO-less BC-DSSCs sensitized with the dye 
cocktail of (YD2-o-C8:Y123=4:1) utilizing Co(bpy)2+/3+ based electrolyte have been shown in Fig. 
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4 and their corresponding photovoltaic parameters are given in Table 1. The thickness of 
nanoporous TiO2 film coated onto the SS mesh/Ti to fabricate photoanode was about 10 μm which 
was fixed for all of the devices. It is worth to mention here that nanoporous TiO2 layer was also 
used on platinized FTO glass counter electrode as electrolyte absorbing layer with two variations 
such as (i) bare TiO2 film (7μm) and (ii) YD2-o-C8 stained TiO2 film (7μm) to absorb the 


















Fig. 4. Photovoltaic characteristics of TCO-less BC-DSSCs using bare TiO2 film, YD2-o-C8 
stained TiO2 film and PTFE film as an electrolyte absorber. 
 
 
From the Fig. 4 and Table I, it can be observed that the device using bare TiO2 film used  as an 
electrolyte absorbing layer exhibits relatively lower photovoltaic properties having short circuit 
current density (Jsc) of 9.26 mA/cm2, open circuit voltage (Voc) of 0.71 V, fill factor (FF) of 0.64 
giving external photoconversion efficiency of 4.21%. The reason for getting this lower 
photovoltaic performance could be assigned to the larger charge recombination as confirmed by 





Fig. 5. Schematic representation of (a) possible electrostatic interaction between the negatively 
charged bare TiO2 surface and the oxidized Co3+ species, and (b) suppression of the electrostatic 
interaction by staining the TiO2 surface by YD2-o-C8 dye. 
 
Table 1. Photovoltaic parameters of TCO-less BC-DSSCs using porous TiO2 nanomaterials and 
PTFE film as an electrolyte absorber. 
 
  
PTFE film                  
(35 μm) 
YD2-o-C8 stained TiO2                
(7 μm) 
Bare TiO2         
(7 μm) 
Efficiency[%] 4.86 5.81 4.21 
FF 0.66 0.64 0.64 
Voc[V] 0.86 0.88 0.71 
Jsc[mA/cm2] 8.56 10.31 9.26 
 
this larger charge recombination is due to the electrostatic interaction between the negatively 
charged bare TiO2 surface and the positively charged oxidized cobalt Co3+ species as shown in the        
Fig. 5 (a) [26].  
 
In order to clarify this differential photovoltaic behavior, EIS measurement was also 
conducted. From EIS measurements, using the Niquist plots as shown in the Fig. 6, we can explain 
the possible reasons for this lower photovoltaic performance. In general, the impedance spectrum 
shows three semicircles in the frequency range 0.005-100000 Hz [31-33]. From Figure 6, it is 
obvious that the impedance related to charge transfer at the Pt counter electrode in the high 
frequency region is almost the same in all cases. Impedance due to charge transport at the 
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TiO2/dye/electrolyte interface is much higher for the device using bare TiO2 film as compared to 
the devices using YD2-o-C8 stained TiO2 film and PTFE film. Since the TiO2/dye/electrolyte 
interface is the same in all cases, this increase in impedance might be associated with the bare 
negatively charged TiO2 surface present in the electrolyte layer, which causes the electrostatic 
interaction with the oxidized Co3+ species and slows down the charge transport. The same possible 
electrostatic interaction is responsible for relatively higher resistance observed in the low 
frequency region when bare TiO2 film is used as an electrolyte absorbing layer. On the other hand, 
 
 
Fig. 6. Niquist plots for TCO-less BC-DSSCs using bare nanoporous TiO2 film, YD2-o-C8 
protected nanoporous TiO2 film and PTFE film as an electrolyte absorber. 
 
TCO-less BC-DSSC using YD2-o-C8 stained TiO2 film used as an electrolyte absorbing layer 
exhibits much improved photovoltaic properties as shown in the Fig. 4 and Table 1. The reason 
for getting this much enhanced photovoltaic performance could be attributed to suppressed charge 
recombination as confirmed by the dark current-voltage (J-V) characteristics shown in the Fig. 4. 
The origin of this suppressed charge recombination could be understood from the Fig. 5 (b). From 
Fig. 5 (b), we can see that when the surface of the bare TiO2 is stained with YD2-o-C8 dye, it 
avoids the possible electrostatic interaction between the negatively charged TiO2 surfaces and the 
positively charged oxidized cobalt Co3+ species and ultimately facilitates the diffusion of Co3+ 
species, which is responsible for getting higher photoconversion efficiency of 5.81% (Voc: 0.88 




From Figure 6, it can also be seen that impedance due to charge transfer at the 
TiO2/dye/electrolyte interface is smaller as compared to the unprotected TiO2 film used as an 
electrolyte absorbing layer. The resistance observed in the low frequency region due to the ionic 
diffusion of Co3+ species within the electrolyte layer in the third semicircle is found to be the 
lowest. The reason for this lower resistance is that when unprotected TiO2 film is covered with the 
YD2-o-C8 dye efficiently, it avoids the unwanted electrostatic interaction between the negatively 
charged bare TiO2 film and the oxidized Co3+ species, which results in the facile diffusion of cobalt 
species. As a result, the dye regeneration gets faster and consequently Voc and Jsc increase. The 
higher value of the diffusion coefficient of 5.11×10-6 cm2s-1 of Co3+ species for YD2-o-C8 stained 
nanoporous TiO2 film as compared to the bare TiO2 film (4.24×10-6 cm2s-1) as shown in the Table 
4 further verifies that diffusion of Co3+ species is improved through the dye stained porous TiO2 
film, which enhances the photovoltaic performances of the device. The similar value of the 
diffusion coefficient of Co3+ specie was also reported by Nelson et al. [26]. The device using 
polymer PTFE film shows moderate photovoltaic characteristics giving the photoconversion 
efficiency of 4.86 % (Voc: 0.86 V, Jsc: 8.56 mA/cm2 and fill factor (FF): 0.66) as shown in the 
Fig. 4 and Table 1. The reason for getting this moderate photovoltaic performance could be due to 
moderately suppressed charge recombination as confirmed by the dark current-voltage (J-V) 
characteristics shown in the Fig. 4. This could be attributed to a trade-off between relatively facile 
diffusion of cobalt species due to neutral nature of porous PTFE film and hampering in diffusion 
due to its large thickness. From the Figure 6, it is apparent that the impedance due to charge 
transport at the TiO2/dye/electrolyte interface in the mid frequency region is almost the same as 
the device using YD2-o-C8 stained TiO2 film used as an electrolyte absorbing layer. But the 
impedance due to ionic diffusion of oxidized cobalt Co3+ species through the polymer PTFE film 
(35 μm) in the low frequency region is much higher than that of the other two devices based on 
TiO2 nanomaterials (7μm), which may be due to the relatively larger thickness of the PTFE film 






5.3.2 Effect of thickness of YD2-o-C8 stained TiO2 
nanomaterials used as an electrolyte absorbing layer 
 
In order to optimize the thickness of TiO2 nanoporous layer to control diffusion of oxidized Co3+ 
species, the thickness of nanoporous TiO2 film stained with the YD2-o-C8 dye was varied coated 
onto the Pt counter electrode used as an electrolyte absorbing layer keeping the same thickness of 
nanoporous TiO2 layer (about 10 μm) coated onto the Ti protected flexible metal mesh. The 
thickness of the YD2-o-C8 stained nanoporous TiO2 film was varied from 5.5 μm to 16 μm and 
the corresponding photovoltaic characteristics for the TCO-less BC-DSSCs sensitized with the dye 
cocktail of (YD2-o-C8:Y123=4:1) employing Co(bpy)2+/3+ redox mediator have been shown in the 
Fig. 7 and their corresponding photovoltaic properties are listed in the Table 2. Figure 8 represents 
the correlation between the thickness of the nanoporous TiO2 film used as an electrolyte absorbing 
layer and the corresponding TCO-less BC-DSSC photoconversion efficiency. From this figure, it 
is obvious that efficiency decreases almost linearly with thickness. It is worth to mention here that 
use of thickness less than 5.5 μm was also attempted but it led to shortening of devices hence was 
not suitable in our present device configuration. Therefore, the optimum TiO2 film thickness to the 
efficient TCO-less BC-DSSCs based on Co(bpy)2+/3+ redox electrolyte was found to be 5.5 μm. 













Fig. 7 Photovoltaic characteristics of TCO-less BC-DSSCs with variation of thickness of porous 






Table 2. Photovoltaic parameters of TCO-less BC-DSSCs with thickness variation of nanoporous 




TiO2 (5.5 μm) 
YD2-o-C8 stained 
TiO2 (11 μm) 
YD2-o-C8 stained  
TiO2 (16 μm) 
Efficiency[%] 6.42 5.36 4.67 
FF 0.66 0.67 0.65 
Voc[V] 0.89 0.88 0.85 
Jsc[mA/cm
2
] 10.88 9.20 8.45 
 
The decrease in photoconversion efficiency with increase in the thickness of the nanoporous TiO2 
film was again clarified from the EIS measurements as shown in the Fig. 9. From the Figure 9, it 
is evident that the impedance related to charge transfer at the TiO2/dye/electrolyte interface in the 
mid frequency region is almost similar for the devices using nanoporous TiO2 film having 
thickness of 5.5 μm, and 11 μm, respectively, but larger for the device using nanoporous TiO2 film 












Fig. 8. Relationship between photoconversion efficiency and thickness of nanoporous TiO2 film 
stained with the YD2-o-C8 dye coated onto the Pt counter electrode. 
 
TiO2/dye/electrolyte interface remains the same up to the TiO2 film thickness of 11 μm and 
increases with further increase in the film thickness. Interestingly, we can see that the impedance 
due to the ion diffusion in the low frequency region increases with thickness of the TiO2 film. The 
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larger impedance obtained with thickness indicates that ion diffusion is hampered owing to the 
sluggish diffusion of Co3+ ions and ultimately results in the hampered dye regeneration, which 




Fig. 9. EIS Niquist plots for TCO-less BC-DSSCs with thickness variation of YD2-o-C8 stained 
nanoporous TiO2 film used as an electrolyte absorbing layer. 
 
5.3.3. TCO-less BC-DSSCs using different dye stained TiO2 
nanomaterials used as an electrolyte absorbing layer 
 
Three different dyes such as YD2-o-C8, WMC23, and D131 stained nanoporous TiO2 film (5.5 
μm) coated onto the Pt counter electrode to soak the electrolyte have been used in order to 
investigate their TiO2 surface passivation and their resulting implication on the photovoltaic 
behavior. In this case also thickness of the nanoporous TiO2 layer coated onto the Ti protected SS 
mesh working as photoanode was fixed to be about 10 μm. Figure 10 shows the effect of different 
dye stained TiO2 nanomaterials on the diffusion of oxidized cobalt Co3+ species for the TCO-less 
BC-DSSCs sensitized with the dye cocktail of (YD2-o-C8:Y123=4:1) employing Co(bpy)2+/3+ 
based redox shuttle and the corresponding photovoltaic parameters are given in the Table 3. From 
the Fig. 10, it can be seen that TCO-less BC-DSSC using YD2-o-C8 stained nanoporous TiO2 film 
used as an electrolyte absorber exhibits much better photoconversion efficiency of 6.14% (Voc: 
0.89 V, Jsc: 10.57 mA/cm2, FF: 0.65) as compared to the devices based on D131 and WMC23 
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stained nanoporous TiO2 films with external power conversion efficiencies of 3.19% (Voc: 0.75 















Fig. 10 Photovoltaic characteristics of TCO-less BC-DSSCs with different dye stained nanoporous 
TiO2 layer coated onto the Pt counter electrode used as an electrolyte absorber. 
 
Table 3. Effect of different dye stained nanoporous TiO2 layer coated onto the Pt counter electrode 









Efficiency[%] 3.19 1.95 6.14 
FF 0.59 0.59 0.65 
Voc[V] 0.75 0.63 0.89 
Jsc[mA/cm
2
] 7.23 5.30 10.57 
 
From the dark current voltage (I-V) characteristics (Fig. 10), it is clear that the device using 
YD2-o-C8 stained nanoporous TiO2 film used as an electrolyte absorber shows much suppressed 
dark current, which indicates that charge recombination is also suppressed very much and oxidized 
cobalt species exhibit facile diffusion in this case and is responsible for achieving this much 
improved photovoltaic behavior. The origin of this suppressed dark current as well as the facile 
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diffusion of Co3+ species through the YD2-o-C8 covered nanoporous TiO2 film was further 
confirmed by the CV measurements. The diffusion coefficients of the [Co(bpy)]3+ species 
diffusing through the nanoporous TiO2 film stained with the YD2-o-C8, WMC23, and D131 dye 
coated onto to the Pt counter electrode were estimated to be 5.11×10-6 cm2s-1, 3.24×10-6 cm2s-1, 
and 3.35×10-6 cm2s-1, respectively using Randles-Sevcik equation at 25˚C: (ip = 2.68×105 n3/2 
AD1/2Cν1/2; where ip is the cathodic peak current, n the number of electrons transferred in the redox 
event, A the electrode area, D the diffusion coefficient, C the concentration of the redox specie and 
ν the scan rate) as shown in the Table 4 and the corresponding one cyclic voltammogram for bulk 
acetonitrile diffusion is shown in the fig.11. The cyclic voltammogram in the Fig. 11 shows the 
different scan rate dependent anodic peak current where the Co2+ species get oxidized to Co3+ 
species at maximum as well as cathodic peak current where the Co3+ species get reduced back to 
Co2+ species at maximum. Since the diffusion of Co3+ species are the determining factor for 
corresponding dye regeneration process, we utilized different scan rate dependent corresponding 
cathodic peak current for estimating the diffusion coefficient of Co3+ species. Figure 12 shows the  
cathodic peak current, ip versus  ν1/2 graph of Co3+ species diffusing through bulk acetonitrile, and 
















Fig. 11 The cyclic voltammogram for 2.2 mM Co(bpy)3(PF6)2 and 0.1 M TBAPF6 in acetonitrile solution 




The comparatively highest value of 5.11×10-6 cm2s-1 of the diffusion coefficient of Co3+ 
specie obtained for the YD2-o-C8 protected nanoporous TiO2 film indicates that the diffusion of 
cobalt species is relatively faster through the nanoporous TiO2 film, which results in the faster dye 
regeneration as well as higher Voc, Jsc and FF. Here, we would like to emphasize that structure of 
the dye also plays an important role in protecting the surface of bare TiO2 film. When the bare 
TiO2 surface is protected with YD2-o-C8 dye, the YD2-o-C8 dye due to its long alkyl chain can 
impair the electrostatic interaction between the negatively charged TiO2 and the oxidized Co3+ 
species, which expedites the diffusion of oxidized Co3+ species through the porous the TiO2 film. 
The relatively lower photoconversion efficiency of 3.19% obtained using D131 dye covered 
nanoporous TiO2 film used as an electrolyte absorber could be assigned to relatively larger charge 















Figure 12. Cathodic peak current, ip versus square root of scan rate, ν1/2 graph in bulk acetonitrile 
and through YD2-o-C8 stained nanoporous TiO2 film, bare TiO2 film, D131 stained nanoporous 
TiO2 film, and WMC273 stained nanoporous TiO2 film measured at different scan rates of 10 mV/s, 
20 mV/s, 40 mV/s, 60 mV/s, and 80 mV/s. 
 
The comparatively lower value of the diffusion coefficient of (3.24×10-6 cm2s-1) of Co3+ 
specie for D131 stained nanoporous TiO2 film indicates that the diffusion of cobalt Co3+ species is 
97 
 
relatively slower through the nanoporous TiO2 film, which results in the sluggish dye regeneration 
resulting in to poor photovoltaic performance. The D131 dye having no longer alkyl chain may 
not be effective enough in passivating the negatively charged TiO2 surface leading to appreciable 
electrostatic interactions with the oxidized Co3+ species resulting in to its sluggish diffusion. On 
the other hand, the lowest photoconversion efficiency of 1.95% obtained by the device using 
WMC23 stained nanoporous TiO2 film to soak the electrolyte could be attributed to very high 
charge recombination as supported by the dark current voltage (I-V) characteristics (shown in Fig. 
10). Moreover, the comparatively lower value of 3.35×10-6 cm2s-1 of the diffusion coefficient of 
Co3+ specie for WMC273 protected nanoporous TiO2 film further supports that the diffusion of 
cobalt species is also hampered through the nanoporous TiO2 film. The WMC273 sensitizer also 
having no longer alkyl chain may not be effective in passivating the negatively charged TiO2 
surface leading to appreciable electrostatic interactions with the oxidized Co3+ species resulting in 
to its sluggish diffusion. Here, we can see that though the diffusion coefficient of Co3+ specie is 
almost similar for D131 and WMC273 stained nanoporous TiO2 film, the device utilizing 
WMC273 stained nanoporous TiO2 film shows comparatively lower photovoltaic behavior which 
may be due to the aggregation of this dye onto the TiO2 surface facilitating the charge 
recombination. 
 
Table 4. Diffusion coefficient of [Co(bpy)]3+ specie in bulk acetonitrile and through, YD2-o-C8 
stained nanoporous TiO2 film, bare TiO2 film, D131 stained nanoporous TiO2 film, and WMC273 
stained nanoporous TiO2 film. 
 
Diffusion medium Diffusion Coefficient of [Co(bpy)]3+ specie 
Bulk acetonitrile 9.13×10-6 cm2s-1 
YD2-o-C8 stained TiO2 5.11×10-6 cm2s-1 
Bare TiO2 4.24×10-6 cm2s-1 
D131 stained TiO2 3.24×10-6 cm2s-1 






TCO-less back contact DSSCs have been successfully fabricated with nanoporous TiO2 film (5.5 
μm) used as an electrolyte absorbing layer coated onto the Pt counter electrode.  This novel strategy 
was adopted as a replacement of the thick polymer PTFE film (35 μm) in order to enhance the 
diffusion of bulky Co2+/3+ species by reducing the thickness of electrolyte absorbing layer. When 
the surface of the bare nanoporous TiO2 layer used as an electrolyte absorbing layer was protected 
with YD2-o-C8 dye, it impedes the electrostatic binding between the negatively charged TiO2 
surface and the positively charged Co3+ species effectively owing to their long alkyl chain as 
compared to the D131, and WMC273 dyes and ultimately resulting in to the facile diffusion of the 
Co3+ species through the porous TiO2 nanomaterials yielding the best photoconversion efficiency 
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Dye-sensitized solar cells (DSSCs) are one of the promising alternatives for affordable solar 
energy harvesting because of their simple structure, environment friendly process and relatively 
lower manufacturing cost. However, in order to make the DSSCs even more cost-effective and 
stable, efforts were directed to replace costly TCO glasses used in traditional DSSCs. In this thesis, 
TCO glass has been replaced by TiO2-coated stainless steel metal mesh in conjunction with cobalt 
complex-based redox mediator. As compared to most commonly used iodine based redox 
electrolyte in DSSCs, redox electrolyte based on cobalt complex was utilized because of weak 
visible light absorption, less corrosive nature to the metallic grid and more positive redox potential 
to produce higher open-circuit potential.  
 
The introductory chapter of this thesis provides an insight of usefulness of solar cell technology 
considering the present and future demand of energy. In this chapter, a brief overview of different 
sorts of photovoltaic (PV) technology along with the basic operational principal of DSSCs and 
TCO-less back contact DSSCs has been described. In second chapter, all the measurement 
procedures and methods along with the different thin film fabrication process have been briefly 
discussed.  
 
In third chapter, for the first time, TCO-less back contact DSSCs were successfully 
fabricated with D205 dye stained nanoporous TiO2 having particle size of 15-20 nm coated onto 
the flexible metal mesh as photoanode in combination with [Co(bpy)3]2+/3+ complex based redox 
shuttle. The optimum thickness of nanoporous TiO2 film to produce efficient device based on 
cobalt based redox electrolyte was found to be about 11 μm. It has been demonstrated that the 
cobalt complexes due to their large and bulky size exhibit large charge recombination, for which 
the surface passivation of the substrate was proved to be highly required. Hence, surface protection 
of the metal mesh by a thin layer of Ti metal acting as a charge recombination blocking layer 
(CRBL) led to the impressive enhancement in the photoconversion efficiency from 0.66% to 
3.33%, which was very to close its TCO-based DSSC (4.02%) counterpart. Co-sensitization of D-




In fourth chapter, TCO-less back contact DSSC utilizing porphyrin sensitizer coded with 
YD2-o-C8 having impressive photon harvesting properties in the visible and red region of the solar 
spectrum based on cobalt based electrolyte [Co(bpy)3]3+/2+ has been fabricated along with its 
photovoltaic characterization. In this case, to enhance the efficiency even further, nanoporous TiO2 
layer having relatively larger particle size of 30 nm facilitating the mass transport of the 
[Co(bpy)3]3+/2+ redox species was employed. The TCO-less back contact DSSCs with surface 
protection of the metal mesh by a thin Ti film again yielded much higher photoconversion 
efficiency of 4.53% as compared to the unprotected one (3.12%). When the pore size of the porous 
polymer film (PTFE) (electrolyte absorbing layer) was increased from 0.1 μm to 0.2 μm, the 
photoconversion efficiency was found to be even further to 4.89% owing to the better ionic 
diffusion of [Co(bpy)3]3+/2+ species as confirmed by the EIS measurements. Large optical losses 
by iodine electrolyte itself in the region from 330-460 nm, which reduces the Jsc of TCO-less BC-
DSSC was not observed in case of cobalt based redox mediator. Co-sensitization of YD2-o-C8 
with another organic dye Y123 because of their complementary photon harvesting properties in 
the region 460-610 nm led the further enhancement in the photoconversion efficiency to 5.25% 
with remarkable open-circuit voltage of 0.88 V obtained in this TCO-less BC-DSSC structure. 
 
In fifth chapter, TCO-less back contact DSSCs have been successfully fabricated using 
thinner nanoporous TiO2 film (5.5 μm) utilized as an electrolyte absorbing layer coated onto the 
Pt counter electrode to replace the thick porous polymer PTFE film (35 μm) in order to enhance 
the diffusion of bulky [Co(bpy)3]3+/2+ species. When the surface of the bare nanoporous TiO2 film 
employed as an electrolyte absorbing layer was stained with YD2-o-C8 dye, it avoided the 
electrostatic interaction between the negatively charged TiO2 surface and the positively charged 
Co3+ species efficiently because of its larger number of long alkyl chain as compared to the D131, 
and WMC273 dyes and subsequently resulted in to the facile diffusion of the Co3+ species through 










Facile diffusion of Co2+/3+ species owing to their large and bulkier size through the electrolyte 
absorbing layer in case of TCO-less back contact dye-sensitized solar cells is an important issue 
to provide the higher photoconversion efficiency. However, it has been realized that the diffusion 
of Co2+/3+ species could be enhanced even further by increasing the pore size of the nanoporous 
TiO2 layer by employing relatively larger TiO2 nanoparticle >30 nm coated onto the Pt counter 
electrode with effective surface passivation, which may lead to the enhancement in the 
photoconversion efficiency even higher. Using thinner porous polymer PTFE film (<35 μm) to 
soak the electrolyte layer in TCO-less DSSC structure, the diffusion of Co(II/III) species could be 
improved, which may result in the higher photoconversion efficiency. Using stainless steel metal 
mesh having wire diameter of less than 13 μm, the surface area of TiO2 nanoparticle coated onto 
the metal mesh could be enhanced and consequently the electron collection efficiency as well as 
the photoconversion efficiency could be enhanced further. The study of stability of TCO-less back 
contact DSSC which was not the topic for this thesis could be one of the future research topics. 
The concept of this TCO-less BC-DSSC could be applied to the perovskite based solar cells, where 
the sputtered Ti thin layer could be utilized as a back contacted electron collector as a replacement 
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